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Abstract:	  

Early	  on,	  crystallography	  was	  a	  domain	  of	  mineralogy	  and	  mathematics	  and	  
dealt	   mostly	   with	   symmetry	   properties	   and	   imaginary	   crystal	   lattices.	   This	  
changed	  when	  Wilhelm	  Conrad	  Röntgen	  discovered	  X-‐rays	   in	  1895,	   and	   in	  1912	  
Max	   von	   Laue	   and	   his	   associates	   discovered	   X-‐ray	   irradiated	   salt	   crystals	  would	  
produce	  diffraction	  patterns	  that	  could	  reveal	  the	  internal	  atomic	  periodicity	  of	  the	  
crystals.	   	   In	   the	   same	  year	   the	   father-‐and-‐son	   team,	  Henry	   and	  Lawrence	  Bragg	  
successfully	   solved	   the	   first	   crystal	   structure	   of	   sodium	   chloride	   and	   the	   era	   of	  
modern	   crystallography	   began.	   	   Protein	   crystallography	   (PX)	   started	   some	   20	  
years	   later	   with	   the	   pioneering	   work	   of	   British	   crystallographers.	   	   In	   the	   past	  
50-‐60	  years,	  the	  achievements	  of	  modern	  crystallography	  and	  particularly	  those	  in	  
protein	   crystallography	   have	   been	   due	   to	   breakthroughs	   in	   theoretical	   and	  
technical	   advancements	   such	   as	   phasing	   and	   direct	   methods;	   to	   more	   powerful	  
X-‐ray	  sources	  such	  as	  synchrotron	  radiation	  (SR);	   to	  more	  sensitive	  and	  efficient	  
X-‐ray	  detectors;	  to	  ever	  faster	  computers	  and	  to	  improvements	  in	  software.	   	   The	  
exponential	   development	   of	   protein	   crystallography	  has	   been	   accelerated	   by	   the	  
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invention	   and	   applications	   of	   recombinant	  DNA	   technology	   that	   can	   yield	  nearly	  
any	  protein	  of	   interest	   in	   large	  amounts	  and	  with	  relative	  ease.	   	   Novel	  methods,	  
informatics	  platforms,	  and	  technologies	  for	  automation	  and	  high-‐throughput	  have	  
allowed	   the	   development	   of	   large-‐scale,	   high	   efficiency	   macromolecular	  
crystallography	  efforts	  in	  the	  field	  of	  structural	  genomics	  (SG).	   	   Very	  recently,	  the	  
X-‐ray	   free-‐electron	   laser	   (XFEL)	   sources	   and	   its	   applications	   in	   protein	  
crystallography	   have	   shown	   great	   potential	   for	   revolutionizing	   the	   whole	   field	  
again	  in	  the	  near	  future.	   	   	  
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	   	   	   	   2014	   is	   celebrated	  as	   the	   International	  Year	  of	  Crystallography	   (IYCr-‐2014).	   	  
About	  100	  years	  ago	  Max	  von	  Laue	  in	  Germany	  and	  the	  father-‐and-‐son	  Bragg	  team	  
(William	  Henry	  Bragg	  and	  William	  Lawrence	  Bragg)	  in	  England	  pioneered	  the	  use	  
of	   X-‐ray	   to	   irradiate	   crystals	   for	   atomic	   structure	   determination,	   and	   for	   those	  
pioneering	  investigations	  they	  were	  awarded	  Nobel	  prizes	  for	  physics	  in	  the	  years	  
1914	   and	   1915	   [1,	   2,	   3,	   4,	   5]	   (see	   Table	   1).	   	   This	   was	   the	   birth	   of	   X-‐ray	  
crystallography	   which	   has	   profoundly	   changed	   the	   way	   we	   perceive	   the	   atomic	  
structures	   of	   the	   world	   built	   of	   organic	   and	   inorganic	   materials	   and	   molecules.	  
With	   the	   X-‐ray	   crystal	   diffraction	   technique	   one	   can	   really	   “see”	   the	   atomic	  
arrangements	   in	   a	   crystal	   lattice	   and	   accurately	  measure	   atomic	   bond	  distances,	  
bond	   and	   dihedral	   angels	   and	   other	   parameters.	   	   This	   paper	   will	   review	   some	  
important	   technical	   developments	   relevant	   to	   crystallography	   in	   general	   and	   in	  
particular	  focus	  on	  the	  application	  of	  X-‐ray	  crystallography	  to	  study	  the	  structure	  
and	   function	   of	   proteins	   and	   other	   bio-‐macromolecule	   complexes.	   	   X-‐ray	  
crystallography,	   though	   a	   very	   specialized	   field,	   has	   received	   very	   significant	  
attention	  from	  the	  Nobel	  committees	  compared	  with	  other	  similar	  scientific	  fields.	   	  
Table	  1	  lists	  the	  milestone	  discoveries	  and	  technique	  developments	  recognized	  by	  
Nobel	   prizes	   related	   to	   protein	   crystallography	   and	   protein	   structures	   (X-‐ray,	  
electron	   and	   neutron	   crystallography).	   This	   list	   does	   not	   contain	   all	   important	  
contributions	  that	  made	  crystallography	  as	  it	  is	  today	  of	  course.	  A	  recent	  review	  on	  
the	   Nobel-‐crystallography	   topics	   has	   covered	   the	   work	   of	   most	   of	   the	   Nobel	  
laureates	  who	  made	  major	   contributions	   to	   crystallography	   [6].	   	   Our	   paper	  will	  
pay	  attention	  to	  other	  important	  contributors	  to	  protein	  crystallography	  as	  well.	   	   	  

	  
X-‐ray	   crystallography	   has	   emerged	   as	   one	   of	   the	  most	   important	   scientific	  

and	  technical	  tools	  in	  the	  20th	  century.	  Most	  solid	  state	  matter	  (rocks	  and	  soils)	  on	  
earth	   is	   in	   the	   crystalline	   state,	   and	   crystallography	   is	  particularly	  well-‐suited	   to	  
study	   the	   formation,	   growth	   mechanism,	   atomic	   structures	   and	   functions	   of	   all	  
kinds	   of	   crystalline	   matter.	   	   Further,	   crystallography	   is	   an	   interdisciplinary	  
research	   field	   interfacing	   with	   mathematics,	   physics,	   chemistry,	   mineralogy,	  
metallurgy,	   biology,	   earth	   sciences,	  material	   sciences,	  medical	   sciences	   and	   drug	  
discovery	  research.	   	   The	  core	  techniques	  for	  crystallography	  are	  the	  methods	  for	  
determining	   atomic	   structures	   of	   any	   diffracting	   crystalline	   material	   with	   high	  
accuracy	   and	   high	   resolution.	   	   Since	   three-‐dimensional	   atomic	   structural	  
information	   is	   useful	   in	   almost	   all	   branches	   of	   science,	   it	   is	   fair	   to	   say	   that	  
crystallography	   is	   a	   foundation	   of	   modern	   science.	   	   There	   are	   two	   types	   of	  
crystallographic	   applications,	   one	   is	   to	   investigate	   the	   atomic	   structures	   of	  
naturally	  occurring	  crystals.	  These	  applications	  are	  mostly	  related	  to	  mineralogy,	  
metallurgy	  and	  earth/planet	  sciences	  and	  can	  be	  said	  to	  study	  the	  natural	  atomic	  
structures	   in	   crystalline	   materials.	   The	   other	   type	   of	   crystallography	   is	   to	  
determine	  molecular	  structures	  at	  atomic	  resolution	  of	  mostly	  “artificial”	  crystals.	   	  
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This	  branch	   includes	  structure	  determination	  of	  organic	  compounds,	  particularly	  
proteins	   and	   biological	   macromolecules,	   for	   structure-‐function	   relationship	  
investigation	   and	   applications.	   	   The	   key	   step	   for	   this	   latter	   application	   of	  
crystallography	   is	   to	   obtain	   high	   quality	   diffracting	   crystals.	   This	   step	   requires	  
careful	  preparation	  of	  samples	  and	  crystals.	   	  

	  
Table	   1:	   Nobel	   prizes	   as	   milestones	   of	   discoveries	   and	   technique	  
developments	   relevant	   to	   protein	   crystallography	   (including	   X-ray,	   electron	  
and	  neutron	  crystallography),	  and	  to	  protein	  structure-function	  relationships.	  
Bold	   letters	   indicate	   prizes	   for	   the	  most	   crucial	   technique	   developments	   in	  
protein	  crystallography.	   	   (from:	  http://www.nobelprize.org/)	   	  
Year	   	   Sub.	   Nobel	  Laureates	   	   Reasons	  for	  the	  prizes	  

1901	   P	   Germany:	   	   Wilhelm	  Conrad	  Röntgen	   	   Discovery	  of	  the	  remarkable	  rays	  (X-ray)	  

1914	   P	   Germany:	   Max	  von	  Laue	   Discovery	  of	  the	  diffraction	  of	  X-rays	  by	   	  

crystals	  

1915	   P	   UK:	  

UK:	  

	   Sir	  William	  Henry	  Bragg	  

	   William	  Lawrence	  Bragg	  

Analysis	  of	  crystal	  structure	  by	  means	  of	   	  

X-rays	  

1917	   P	   UK:	   	   Charles	  Glover	  Barkla	   Discovery	  of	  the	  characteristic	  Röntgen	  (X-‐ray)	  
radiation	  of	  the	  elements	  

1924	   P	   Sweden:	   	   Karl	  Manne	  Georg	  Siegbahn	   Discoveries	  and	  research	  in	  the	  field	  of	  
X-‐ray	  spectroscopy	  

1926	   C	   Sweden:	   	   Theodor	  Svedberg	   Development	  of	  the	  analytical	  ultracentrifuge	  

1937	   P	   USA:	  
UK:	  

Clinton	  Joseph	  Davisson	  
George	  Paget	  Thomson	  

Discovery	  of	  the	  diffraction	  of	  electrons	  by	  
crystals	  

1939*	   P	   	   USA:	   	   	   	   	   	   	   	   Ernest	  Lawrence	   Invention	  and	  development	  of	  the	  cyclotron	  

1946**	   C	   USA:	  

USA:	  

USA:	  

James	  B.	  Sumner	   	  

John	  Howard	  Northrop	   	  

Wendell	  Meredith	  Stanley	  

Discovery	  that	  enzymes	  are	  proteins	  that	   	  

can	  be	  purified	  and	  crystallized	   	  

and	  so	  can	  viruses	   	  

1954	   C	   USA:	   Linus	  Carl	  Pauling	   Research	  into	  the	  nature	  of	  the	  chemical	   	  

bond	  

1958	   C	   UK:	   Frederick	  Sanger	   Protein	  sequencing	  

1962**	   C	   UK:	  

UK:	  

John	  Charles	  Kendrew	   	  

Max	  Ferdinand	  Perutz	  

Protein	  structure	  determination	  

1962	   P&M	   UK:	  

USA:	  

UK:	  

Francis	  Harry	  Compton	  Crick	  

James	  Watson	  

Maurice	   Hugh	   Frederick	  

Wilkins	   	  

Discovery	  of	  DNA	  double	  helix	  

1964	   C	   UK:	   Dorothy	  Crowfoot	  Hodgkin	   Determination	  of	  the	  structures	  of	  penicillin	   	  
and	  vitamin	  B12	  

1972	   C	   USA:	  
USA:	  
USA:	  

Christian	  Borhmer	  Anfinsen	  
Stanford	  Moore	  
William	  Howard	  Stein	  

Principles	  that	  govern	  the	  folding	  of	  protein;	   	  
Principles	  related	  to	  the	  biological	  activity	   	  
of	  the	  enzyme	  
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1976	   C	   USA:	   William	  Nunn	  Lipscomb	  Jr.	   Studies	  on	  the	  structure	  of	  boranes	  	  

1980	   C	   UK:	  

USA:	  

USA:	  

Frederick	  Sanger	  

Paul	  Berg	  

Walter	  Gilbert	  

Fundamental	  studies	  of	  the	  biochemistry	  of	  

nucleic	  acids;	  Determination	  of	  base	   	  

sequences	  in	  nucleic	  acids	  

1982	   C	   UK:	   Aaron	  Klug	   Development	  of	  crystallographic	  electron	  

microscopy	  

1985	   C	   USA:	  
USA:	  

Herbert	  Aaron	  Hauptman	   	  
Jerome	  Karle	  

Direct	  methods	  for	  the	  determination	  of	  
crystal	  structures	  

1986	   P	   Germany:	  

Germany:	  

Switzerland:	  

Ernst	  Ruska	  

Gerd	  Binnig	  

Heinrich	  Rohrer	  

Design	  of	  the	  first	  electron	  microscope;	  

design	  of	  the	  scanning	  tunneling	  microscope	  

1988	   C	   Germany:	  

Germany:	  

Germany:	  

Johann	  Deisenhofer	  

Robert	  Huber	  

Hartmut	  Michel	  

Determination	  of	  the	  three-dimensional	   	  

structure	  of	  a	  photosynthetic	  reaction	   	  

centre	  

1992	   P	   Switzerland:	   Georges	  Charpak	   Invention	  and	  development	  of	  the	  multiwire	   	  

proportional	  chamber	  detectors,	   	  

1993***	   C	   Canada:	  

USA:	  

Michael	  Smith	  

Kary	  Banks	  Mullis	  

Site-directed	  mutagenesis； 	  

polymerase	  chain	  reaction	  (PCR)	  method	  

1994	   P	   Canada:	  

USA:	  

Bertram	  Neville	  Brockhouse	  

Clifford	  Glenwood	  Shull	  

Development	  of	  neutron	  spectroscopy	  and	  	  
the	  neutron	  diffraction	  technique	  

1997	   C	   USA:	  
UK:	  
Denmark:	  

Paul	  Delos	  Boyer	  
John	  Ernest	  Walker	  
Jens	  Christian	  Skou	  

Enzymatic	  mechanism	  underlying	  the	   	  
synthesis	  of	  adenosine	  triphosphate	  (ATP)	  

2003	   C	   USA:	  
USA:	  

Peter	  Agre	  
Roderick	  MacKinnon	  

Structural	  and	  mechanistic	  studies	  of	  water	  
and	  ion	  channels	  

2006	   C	   USA:	   Roger	  David	  Kornberg	   Studies	  of	  the	  molecular	  basis	  of	   	  
eukaryotic	  transcription	  

2009	   P	   USA:	   Willard	  S.	  Boyle;	   	   	  

George	  E.	  Smith	  

Invention	  of	  an	  imaging	  semiconductor	   	  

circuit	  -	  the	  CCD	  sensor	  

2009	   C	   USA:	  
Israel:	  
USA:	  

Venkatraman	  Ramakrishnan	   	  
Ada	  Yonath,	   	  
Thomas	  Arthur	  Steitz	  

Studies	  of	  the	  structure	  and	  function	  of	  the	  
ribosome	  

2011	   C	   	   Israel	   Dan	  Shechtman	   Discovery	  of	  quasicrystals	  

2012	   	   C	   USA:	   Robert	  J.	  Lefkowitz;	   	   	  
Brian	  K.	  Kobilka	  

Studies	  of	  G-‐protein-‐coupled	  receptors	  

2013	   C	   USA	  

USA	  

USA	  

Martin	  Karplus	  

Michael	  Levitt	  

Ariel	  Warshel	  

Development	  of	  multi-scale	  models	  for	   	  

complex	  chemical	  systems	  

	  
Sub.	  Indicates	  the	  category	  of	  the	  prize	  (P,	  Physics;	  C,	  Chemistry;	  P&M,	  Physiology	  
and	  Medicine)	  
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*	  Synchrotron	  radiation	  (SR)	  is	  one	  of	  the	  most	  important	  techniques	  
responsible	  for	  the	  rapid	  development	  of	  protein	  crystallography;	  the	  modern	  SR	  
has	  been	  built	  on	  synchrotron	  instrument	  (similar	  to	  the	  type	  invented	  by	  Ernest	  
Lawrence,	  although	  with	  different	  purposes).	   	   For	  recent	  reviews	  on	  SR	  
instrumentation,	  see	  [7,	  8].	   	   	  

	  
**	   The	   most	   important	   prize	   was	   to	   recognize	   Max	   Perutz	   and	   John	   Kendrew’s	  
original	   and	   fundamental	  work	   to	   establish	   the	   protein	   crystallographic	  method.	  
The	   heroic	  work	   of	  more	   than	   25	   years	   consistent	   and	  persistent	   efforts	   of	  Max	  
Perutz	   led	   to	   the	   final	   determination	   of	   hemoglobin	   and	   other	   protein	   crystal	  
structures	  [9,	  10,	  11].	   	  
	  
***	  Molecular	  biology	  techniques	  (DNA	  sequencing	  and	  manipulation)	  such	  as	  PCR	  
(polymerase	   chain	   reaction)	   and	   mutagenesis	   were	   crucial	   developments	   for	  
biology	   including	  structural	  biology.	  Another	  key	  technique	  responsible	   for	  rapid	  
development	   of	   protein	   crystallography	   is	   recombinant	   DNA	   technology	   and	  
expression	   of	   extrinsic	   proteins	   in	   bacterial	   hosts	   as	   invented	   by	   Stanley	   Cohen	  
and	  Herbert	  Boyer	  [12,	  13,	  14].	   	  
	  
	  
Biological	   macromolecular	   crystallography	   (often	   shortened	   as	   protein	  
crystallography,	   PX;	   or	   macromolecular	   crystallography,	   MX)	   is	   an	  
interdisciplinary	  research	  field	  interfacing	  crystallography	  (not	  limited	  to	  X-‐ray,	  as	  
electron	  and	  neutron	  waves	  are	  also	  commonly	  used)	  and	  biology.	   	   This	  field	  has	  
experienced	   tremendous	   and	   nearly	   exponential	   growth	   over	   the	   past	   20	   years	  
(Figure	   1).	   	   By	   now,	   over	   100,000	   three-‐dimensional	   structures	   of	  
bio-‐macromolecules	   (including	   proteins,	   nucleic	   acids,	   carbohydrates	   and	   their	  
complexes)	  have	  been	  determined,	  overwhelmingly	  by	   crystallographic	  methods.	   	  
Based	   on	   these	   structures,	   our	   understanding	   of	   important	   life	   processes	   has	  
reached	   an	   unprecedented	   level	   of	   detail.	   	   The	   structure	   determination	   of	   an	  
important	   bio-‐macromolecule	   often	   leads	   to	   an	   improved	   understanding	   of	   its	  
structure-‐function	  relationship.	   	   The	  DNA	  double	  helix	  by	  Watson	  and	  Crick;	  the	  
myoglobin	  structure	  by	  John	  Kendrew;	  hemoglobin	  by	  Max	  Perutz;	  the	  structures	  
of	  penicillin	  and	  vitamin	  B12	  by	  Dorothy	  Hodgkin,	  all	  gave	  crucial	  insights	  into	  the	  
functions	   of	   these	   molecules.	   	   These	   high	   resolution	   and	   accurate	   structures	  
further	  led	  to	  the	  understanding	  of	  important	  life	  processes,	  the	  onset	  mechanisms	  
of	   diseases,	   and	   the	   discoveries	   of	   medicines.	   With	   such	   developments,	   protein	  
crystallography	   has	   entered	   into	   a	   new	   phase	   in	   which	   the	   combination	   of	  
crystallography	   and	   biological	   research	   has	   given	   rise	   to	   an	   important	   frontier	  
scientific	   research	   field,	   structural	   biology.	   Currently,	   membrane-‐spanning	  
proteins	   and	   bio-‐macromolecular	   complexes	   and	   assemblies	   are	   the	   main	  
cutting-‐edge	  research	  areas	   in	   the	   field.	   	   In	   recent	  years,	  with	   the	  maturation	  of	  



	  

	   7	  

high	   throughput,	   large-‐scale	   and	   low-‐cost	   structural	   determination	   techniques	  
such	   as	   structural	   genomics	   (SG),	   the	  use	  of	   protein	   crystallography	  has	  become	  
more	  and	  more	  widespread	  in	  many	  branches	  of	   life	  sciences,	  and	  the	  number	  of	  
structures	   determined	  has	   increased	   exponentially	   in	   the	   recent	   20	   years.	   	   This	  
trend	  will	   promote	  our	  understanding	  of	   life	  processes	   into	   a	  newer	  and	  deeper	  
level	   based	   on	   the	   three-‐dimensional	   structures	   of	   many	   if	   not	   all	   biological	  
macromolecules.	   	   	  
	  
The	   first	   documented	   crystalline	   protein	   was	   hemoglobin,	   identified	   more	   than	  
170	   years	   ago	   (lower-‐left	   corner	   of	   Figure	   1).	   In	   1840,	   Friedrich	   Hünefeld	  
occasionally	   discovered	   protein	   crystals	   when	   worm	   blood	   was	   pressed	   against	  
glass	  surfaces	  [15].	   	   Various	  “blood	  crystals”	  from	  the	  blood	  of	  invertebrates	  and	  
vertebrates	  were	  described	   in	   the	   following	  years	   [16,	  17,	  18,	  19,	  20].	   	   Between	  
1885	  and	  1894,	  crystallization	  of	  plant	  seed	  proteins	  was	  discovered	  by	  Hartig	  and	  
extended	   by	   Osborne	   and	   others	   [21,	   22].	   	   In	   the	   1890s,	   Hofmeister	   (who	  
discovered	  the	  Hofmeister	  series	  that	  describes	  the	  effects	  of	  different	  salt	  ions	  on	  
protein	   solubility)	   and	   Hopkins	   crystallized	   hen	   egg	   albumin	   and	   horse	   serum	  
albumin,	   respectively	   [23,	   24].	   	   Systematic	   work	   on	   enzyme	   studies	   enabled	  
Sumner	  to	  crystallize	  the	  first	  enzyme	  (urease)	  and	  to	  correlate	  urease	  enzymatic	  
activity	  with	  the	  presence	  of	  this	  protein	  [25].	   	   At	  almost	  the	  same	  time,	  crystals	  
of	  the	  hormone	  insulin	  were	  obtained	  by	  Abel	  [26,	  27].	   	   Following	  urease,	  many	  
other	  enzymes	  were	  isolated	  in	  crystalline	  form	  by	  Sumner	  and	  Northrop	  and	  they	  
shared	   the	   1946	   Nobel	   Prize	   in	   Chemistry	   with	   Stanley,	   who	   claimed	   to	   have	  
obtained	  the	  first	  virus	  (Tobacco	  mosaic	  virus,	  TMV)	  crystal	   in	  1935	  [28,	  29,	  30].	  
Bernal	  and	  Crowfoot	  (later	  changed	  to	  Hodgkin	  after	  marriage)	  obtained	  the	  first	  
X-‐ray	  diffraction	  pattern	  of	  protein	  (pepsin)	  crystals	  kept	  hydrated	  in	  a	  capillary	  in	  
1934	   and	   demonstrated	   that	   it	   should	   be	   possible	   to	   solve	   its	   atomic	   structure.	   	  
This	   was	   the	   event	   that	   really	   started	   protein	   X-‐ray	   crystallography	   [31].	   	  
Kendrew	   determined	   the	   first	   three-‐dimensional	   protein	   structure	   (myoglobin)	  
following	  Perutz’s	  general	  strategy	  of	  multiple	  isomorphous	  replacement	  (MIR)	  for	  
obtaining	   phase	   angles	   by	   X-‐ray	   crystallography	   in	   1958	   [9].	   	   Subsequently,	  
Perutz	   solved	   the	   crystal	   structure	   of	   hemoglobin	   by	   MIR	   [11,	   32].	   	   In	   the	  
1950s-‐1970s,	   several	   great	   steps	   were	   made	   and	   furthered	   our	   mechanistic	  
understanding	  of	  biology,	  including	  Watson	  and	  Crick’s	  description	  of	  the	  structure	  
of	  DNA	  double	  helix	   in	  1953	  [33],	  giving	  rise	  to	  modern	  molecular	  biology.	  X-‐ray	  
diffraction	   of	   DNA	   crystalline	   fibers	   contributed	   greatly	   to	   the	   discovery	   of	   the	  
DNA	   double	   helix.	   	   David	   Philips’	   laboratory	   determined	   the	   structure	   of	  
lysozyme	  [34,	  35];	  this	  was	  the	  first	  enzyme	  structure	  and	  it	  opened	  up	  the	  field	  of	  
structural	   enzymology	   and	  made	   a	   great	   leap	   forward	   in	   understanding	   enzyme	  
catalytic	  mechanism	  as	  reviewed	  by	  [36].	  Antibody	  structural	  studies	  opened	  the	  
field	   of	   structural	   immunology	   [37,	   38,	   39,	   40],	   and	   the	   first	   RNA	   structure	  was	  
transfer	   RNA	   (tRNA)	   [41,	   42].	   	   In	   the	   early	   years	   of	   protein	   crystallography,	  
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proteins	   and	   nucleic	   acids	   studied	   were	   all	   purified	   from	   naturally	   abundant	  
sources.	   	   Rare	  but	  important	  proteins	  could	  only	  be	  studied	  after	  the	  invention	  of	  
recombinant	   DNA	   techniques	   by	   Stanley	   Cohen	   in	   1970s	   [12,	   13,	   14]	   and	   the	  
resulting	  progress	  in	  expression	  of	  exotic	  proteins	  in	  hosts	  such	  as	  E.	  coli.	   	   Other	  
crucial	   techniques	   responsible	   for	   the	   exponential	   growth	   of	   PX	   included	  
synchrotron	   radiation	   (SR),	   computer	   algorithms	   for	   obtaining	   crystallographic	  
phase	   information,	   and	   structural	   genomics	   (SG)	   as	   demonstrated	   in	   Figure	   1.	   	  
Finally,	   the	   X-‐ray	   Free-‐Electron	   Laser	   (XFEL)	   is	   an	   emerging	   technique	   showing	  
great	  promise	  for	  changing	  PX	  and	  structural	  biology’s	  future	  again	  [43,	  44,	  45,	  46].	   	  
	  

	  
Figure	  1.	  A	  description	  of	  the	  development	  of	  protein	  crystallography	  with	  

time,	   showing	   rapid	   exponential	   growth	   of	   protein	   crystallography	   since	   1840s,	  
the	  exponential	  growth	  of	  both	  proteins	  crystallized	  and	  protein	  crystal	  structures	  
solved	   is	  well	   underway	   in	   the	   recent	   20	   years,	   block	   lettered	   events	   represent	  
some	  of	  the	  most	  important	  milestones	  for	  protein	  crystallography.	   	  
	  
	  
As	  early	  as	  the	  1840s	  Friedrich	  Hünefeld	  wrote	  an	  extensive	  book	  on	  his	  
observations	  of	  earth	  worm	  haemoglobin	  crystallization	  that	  would	  indicate	  that	  
proteins,	  or	  at	  least	  haemoglobins,	  must	  have	  definitive	  molecular	  homogeneity	  
and	  structures.	   	   In	  fact,	  crystallization	  had	  been	  a	  method	  used	  by	  organic	  
chemists	  to	  characterize	  their	  compounds	  before	  1840,	  and	  re-‐crystallization	  was	  
used	  as	  an	  important	  means	  for	  purification	  of	  small	  molecule	  compounds.	   	  
Nevertheless,	  the	  molecular	  and	  structural	  implications	  of	  haemoglobin	  
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crystallization	  did	  not	  lead	  scientists	  until	  much	  later	  to	  realize	  that	  proteins	  must	  
possess	  well-‐ordered	  structures,	  and	  furthermore	  that	  these	  structures	  would	  be	  
important	  for	  understanding	  their	  functions,	  for	  example,	  enzymatic	  catalysis	  
activity.	   	   Richard	  Willstätter,	  a	  Noble	  laureate	  based	  on	  studies	  of	  plant	  pigments	  
studies	  and	  a	  leader	  among	  enzyme	  chemists	  in	  the	  1920’s,	  concluded	  that	  the	  
protein	  (‘colloidal’)	  component	  was	  a	  non-‐specific	  carrier	  of	  adsorbed	  chemical	  
catalytic	  agents	  such	  as	  metal	  ions	  which	  contain	  the	  catalytic	  powers	  [47].	   	   When	  
James	  Sumner	  crystallized	  jack	  bean	  urease	  in	  1926	  [25],	  the	  biochemical	  
community	  refused	  to	  believe	  that	  the	  crystals	  represented	  the	  enzyme,	  and	  it	  took	  
more	  than	  10	  years	  and	  a	  few	  more	  enzymes	  purified	  and	  crystallized	  by	  Northrop	  
to	  convince	  the	  community	  that	  the	  protein	  entity	  itself	  possessed	  the	  enzymatic	  
activity.	   	   It	  took	  much	  longer	  to	  understand	  the	  catalytic	  mechanisms	  of	  enzymes,	  
mostly	  from	  crystal	  structure	  studies,	  as	  insightfully	  reviewed	  by	  David	  Blow	  [36].	   	   	  
	  
As	   mentioned	   earlier,	   the	   major	   bottleneck	   for	   protein	   crystal	   structure	  
determination	  is	  to	  obtain	  diffraction-‐quality	  crystals.	   	   In	  the	  first	  half	  of	  the	  19th	  
century,	  pioneer	  crystallographers	  had	  realized	  the	  importance	  of	  pH,	  temperature,	  
salts,	   and	   organic	   solvents	   and	   attempted	   to	   control	   and	   optimize	   protein	  
crystallization	   conditions.	   	   Producing	   high	   quality	   crystals,	   however,	   was	   much	  
more	   of	   an	   art	   than	   a	   science	   during	   that	   period.	   	   Crystallographers	   made	  
progress	   on	   crystallization	   methods	   and	   theory	   (the	   vapor-‐diffusion	   method,	  
screening	   strategies,	   new	   precipitants)	   from	   the	   1960s,	   accelerating	   the	  
development	   of	   protein	   crystallography	   [48,	   49,	   50].	   	   The	   situation	   did	   not	  
dramatically	   change	  and	  even	  now	  we	  can	  not	   really	   crystallize	  every	  protein	  as	  
we	  desire.	   	   However,	  with	   lots	  of	  effort	  made	  and	   lessons	  summarized,	  we	  have	  
an	   increasingly	   clear	   picture	   of	   protein	   crystallization	   as	  well-‐reviewed	   recently	  
[51].	  
	  
	  
	  
TECHNOLOGY	  DEVELOPMENTS	  FOR	  PROTEIN	  CRYSTALLOGRAPHY	   	  
	  
Crystallography	  is	  one	  of	  the	  major	  intellectual	  endeavors	  that	  span	  human	  history	  
for	   centuries.	   After	   generations	   of	   consistent	   efforts	   by	   scientists	   and	  
mathematicians,	   it	   has	   been	   transformed	   from	   a	   mathematical	   hypothesis	   to	  
physical	  reality,	  mainly	  due	  to	  the	  contributions	  of	  the	  X-‐ray	  diffraction	  technique.	  
In	   recent	   decades	   it	   has	   become	   a	   mature	   technical	   field.	   	   For	   protein	  
crystallography,	   there	   are	   several	   crucial	   scientific/technical	   developments	   that	  
have	   made	   the	   field	   possible.	   	   These	   developments	   can	   be	   categorized	   as	   soft,	  
hard	  and	  wet-‐lab	  techniques.	   	  
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SOFT	  TECHNOLOGY:	   	  
Theoretical	   foundations,	   computational	   algorithm,	   and	   Software	  
development	  
	  
 Theoretical	  background:	   	  
Crystallography	  started	  from	  ancient	  time	  when	  early	  human	  beings	  paid	  attention	  
to	   the	   symmetry	   and	   reproducibility	   of	   rock	   (mineral)	   materials	   with	   different	  
sizes	  and	  symmetric	  shapes.	   	   The	  highly	  symmetric	  morphology	  led	  to	  the	  idea	  of	  
periodic	   growth	   of	   units	   (atoms	   or	  molecules)	   into	   three-‐dimensional	   space	   and	  
the	  concept	  that	  any	  kind	  of	  crystals	  could	  be	  composed	  of	  some	  kind	  of	  periodic	  
lattice	  of	  units.	   	   For	  such	   lattices,	  Miller	   indices	  were	   introduced	   in	  1839	  by	   the	  
British	  mineralogist	  William	  Hallowes	  Miller	  [52].	   	   Simultaneously	  in	  France,	  the	  
Bravais	  lattice,	  studied	  by	  Auguste	  Bravais	  (1850)	  was	  defined	  as	  an	  infinite	  array	  
of	   discrete	   points	   generated	   by	   a	   set	   of	   discrete	   periodic	   translation	   operations	  
[53].	   	   Mathematicians	   such	  as	  Sohncke,	  Fedorov	  and	  Schönflies	   studied	  possible	  
rotational	  and	  translational	  symmetries	  and	  their	  combination	  that	  could	  exist	  in	  a	  
three-‐dimensional	   lattice.	   In	   1879	   they	   listed	   the	   65	   space	   groups	   (sometimes	  
called	   Sohncke	   space	   groups	   or	   chiral	   space	   groups)	   whose	   elements	   preserve	  
orientation.	   	   The	   full	   list	   of	   230	   possible	   space	   groups	   finally	   emerged	   in	   1892	  
based	   on	   a	   correspondence	   between	   Fedorov	   and	   Schönflies.	   	   British	   geologist	  
William	  Barlow	  later	  enumerated	  the	  groups	  with	  a	  different	  method.	  Burckhardt	  
describes	   the	   history	   of	   the	   discovery	   of	   the	   space	   groups	   in	   detail	   [54].	   	   A	  
definitive	   source	   regarding	   three-‐dimensional	   space	   groups	   is	   the	   International	  
Tables	  for	  Crystallography	  [55].	   	   	  
	  
Fourier	  analysis	  (Fourier	  transform	  and	  Fourier	  series	  analysis)	  is	  another	  crucial	  
mathematical	  foundation	  of	  crystallography.	   	   About	  200	  years	  ago,	  Joseph	  Fourier	  
invented	  Fourier	  analysis	   theory	   for	  heat	   transduction	   [56].	   	   Since	   then,	  Fourier	  
analysis	  has	  become	  a	  very	  powerful	  and	  general	  mathematical	  tool	  for	  analysis	  of	  
periodic	   functions.	   	   However,	   for	   crystallography,	   the	   Fourier	   space	   (reciprocal	  
space)	   is	  more	   than	   just	  mathematical	   terms,	   it	   is	  a	  physical	   reality	  due	   to	  plane	  
waves	   scattering	   (diffraction)	   through	   crystals	   under	   Fraunhofer	   conditions	   and	  
the	  intensities	  of	  Fourier	  terms	  can	  be	  measured	  directly.	  
	  
Although	  atomic	  structures	   in	  a	  unit	   cell	  must	  be	  expressed	  as	  non-‐negative	  real	  
functions,	  their	  Fourier	  transforms	  contain	  complex	  components.	   	   In	  general,	  the	  
experimental	  measurements	  of	  X-‐ray	  intensities	  can	  only	  provide	  the	  magnitude	  of	  
these	  “Fourier	  components”,	  but	  not	  the	  phases.	   	   Therefore,	  the	  most	  serious	  step	  
in	   solving	   a	   crystal	   structure	   via	   a	   Fourier	   transform	   is	   the	   so-‐called	   “phase	  
problem”,	   i.e.	   to	   restore	   those	   phases	   lost	   in	   data	   collection	   experiment	   by	  
whatever	   means.	   	   Many	   theoreticians	   in	   crystallography	   have	   tried	   to	   use	   a	  
“non-‐negative	  real	  functions”	  criteria	  to	  solve	  the	  “phase	  problem”.	   	   Among	  them,	  
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David	   Sayre	   was	   able	   to	   conclude	   that,	   for	   an	   equal-‐atom	   structure	   (atomicity	  
hypothesis),	   the	  phase	  of	  F(h)	   is	   related	   to	   that	  of	   the	  product	  ∑F	   (k	   )/F	   (h	   -‐	  k).	   	  
This	  triple	  product	  sign	  relationship	  is	  all	  there	  in	  the	  equation	  that	  he	  included	  in	  
his	   article	   and	   became	   known	   as	   ‘Sayre’s	   equation,’	   exact	   for	   an	   equal-‐atom	  
structure,	  and	  an	  important	  advance	  in	  our	  understanding	  of	  direct	  methods	  [57].	   	  
Many	  more	  have	  contributed	  greatly	  to	  the	  development	  of	  direct	  methods,	  some	  
of	  them	  even	  obtained	  Nobel	  prizes	  (see	  table	  1)	  for	  their	  work.	  “Direct	  methods”	  
have	   already	   become	   a	   routine	   magic	   box	   to	   solve	   most	   small-‐molecule	   the	  
structures	  automatically.	   	   However,	   for	  protein	  crystallography	   the	  use	  of	  direct	  
methods	  is	  still	  limited.	   	  
	  
 Computational	  algorithm:	  

Before	   the	   invention	   of	   computers	   in	   1940s,	   Fourier	   transforms	   were	  
calculated	  manually,	   but	   even	  after	   the	   computer	  was	  used	   for	   crystal	   structural	  
calculation	  after	  the	  World	  War	  II,	  the	  speed	  and	  fidelity	  of	  the	  Fourier	  transform	  
calculation	  by	  computers	  was	  still	  not	  satisfactory.	   	   A	  fast	  Fourier	  transform	  (FFT)	  
is	   an	   algorithm	   to	   compute	   the	  discrete	  Fourier	   transform	   (DFT)	   and	   its	   inverse	  
with	  high	  speed	  and	  fidelity.	   	   There	  are	  many	  different	  FFT	  algorithms	  involving	  a	  
wide	   range	   of	   mathematics,	   from	   simple	   complex-‐number	   arithmetic	   to	   group	  
theory	  and	  number	  theory.	   	   The	  Cooley–Tukey	  FFT	  algorithm	  was	  popularized	  in	  
1965	  [58],	  but	  some	  FFTs	  were	  known	  as	  early	  as	  1805.	   	   Fast	  Fourier	  transforms	  
have	  been	  described	  as	  "the	  most	  important	  numerical	  algorithm	  of	  our	  lifetime",	  
it	   is	   certainly	   the	   single	   most	   important	   numerical	   algorithm	   implemented	   in	  
crystallographic	   computations.	   	   In	   addition	   to	   crystallography,	   FFTs	   are	   widely	  
used	  for	  many	  applications	  in	  mathematics,	  engineer	  and	  other	  branches	  of	  science	  
and	  technology.	   	  
	  
CCP4	   (Collaborative	   Computational	   Project	   No.	   4:	   Software	   for	   Macromolecular	  
X-‐Ray	   Crystallography4)	   is	   by	   far	   one	   of	   the	   most	   popularly	   used	   software	  
packages	   for	   protein	   crystallography.	   	   CCP4	   was	   set	   up	   in	   1979	   to	   support	  
collaborations	   between	   researchers	  working	   on	   such	   software	   in	   the	  UK,	   and	   to	  
assemble	   a	   comprehensive	   collection	   of	   software	   to	   satisfy	   the	   computational	  
requirements	  of	  the	  relevant	  UK	  groups.	   	   CCP4	  has	  since	  become	  more	  and	  more	  
widespread	   among	   European	   protein	   crystallographic	   laboratories	   and	   also	  
worldwide	   since	   the	   1990s	   [59,	   60].	   	   One	   of	   the	   most	   important	   programs	   in	  
CCP4	  is	   the	  so-‐called	  “fft”	  (later	  developed	  into	  more	  popular	  used	  sfall)	  adapted	  
by	  Ten	  Eyck,	  L.	  and	  others	  from	  the	  above	  FFT	  algorithm	  for	  PX	  applications	  [61,	  
62,	   63].	   	   There	   are	   about	   200	   different	   stand-‐alone	   programs	   currently	   in	   the	  
CCP4	  package.	   	   	  
	  
 Phasing	  and	  computational	  developments:	   	  
As	  stated	  above,	   the	  most	  difficult	  problem	  for	  ab	   initio	  determination	  of	  protein	  
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crystal	   structures	   is	   the	   so-‐called	   “phase	   problem”,	   i.e.	   to	   determine	   the	   phase	  
angle	   of	   each	   measured	   reflection.	   This	   problem	   is	   easier	   in	   small	   molecule	  
crystallography	   than	   PX	   since	   the	   small	   molecule	   crystals	   normally	   diffract	   to	  
much	  higher	  resolution	  with	  smaller	  unit	  cells,	  which	  makes	  the	  number	  of	  phase	  
angles	  to	  be	  solved	  much	  smaller,	  whereas	  many	  thousands	  of	  phase	  angles	  need	  
be	   determined	   for	   PX	   structure	   determination.	   	   Therefore,	   computational	  
methods	  have	  been	   indispensable	   for	  PX	  development.	   	   Major	  breakthroughs	   in	  
PX	  phasing	  methods	  development	  are	  reviewed	  below.	   	  
	  
MIR	  (multiple	  isomorphous	  displacement)	  method:	   	  
The	  multiple	  isomorphous	  replacement	  (MIR)	  approach	  was	  the	  first	  standard	  
practical	  method	  to	  resolve	  “the	  phase	  angle	  problem”	  in	  PX,	  and	  it	  was	  originally	  
pursued	  and	  established	  by	  Max	  Perutz	  (Perutz,	  1985)	  at	  the	  Cavendish	  
Laboratory,	  Cambridge.	   	   The	  theoretical	  basis	  of	  heavy-‐atom	  phasing	  [64,	  65,	  66,	  
67]	  was	  extended	  to	  implement	  more	  statistically	  powerful	  approaches	  later	  based	  
on	  maximum	  likelihood,	  and	  a	  number	  of	  powerful	  and	  general	  programs	  
(including	  some	  stand	  alone	  versions)	  are	  currently	  in	  use	  with	  CCP4	  software	  
suite:	  such	  as	  MLPHARE	  [68],	  SHARP	  [69],	  SOLVE	  [70],	  PHASES	  [71]	  and	  so	  on.	   	  
	  
MAD/SAD	  methods:	   	  
During	  1950s,	  the	  Dutch	  crystallographer	  Bijvoet	  had	  first	  solved	  the	  absolute	  
configuration	  of	  several	  small	  molecule	  crystal	  structures	  using	  intrinsic	  
anomalous	  signals.	   	   This	  method	  formed	  the	  theoretical	  basis	  for	  the	  application	  
of	  anomalous	  scattering	  signals	  in	  solving	  the	  “phase	  problem”	  in	  general.	   	   With	  
improved	  data-‐collection	  techniques	  (particularly	  after	  the	  application	  of	  strong	  
intensity	  and	  tunable	  wavelength	  X-‐ray	  sources	  from	  synchrotrons)	  developed	  
during	  1970s-‐80s,	  it	  was	  possible	  to	  accurately	  measure	  diffraction	  intensities	  in	  
protein	  crystals.	   	   This	  gradually	  shifted	  PX	  towards	  the	  use	  of	  the	  anomalous	  
signal	  as	  a	  primary	  source	  of	  phase	  estimations	  by	  the	  multiple	  or	  
single-‐wavelength	  anomalous	  diffraction	  approaches	  (MAD	  or	  SAD).	   	   Protein	  
crystals	  generally	  lack	  strong	  anomalous	  scatterers,	  which	  made	  the	  MAD/SAD	  
methods	  not	  generally	  applicable.	   	   However,	  the	  introduction	  of	  
selenomethionine	  (providing	  selenium	  atoms	  as	  strong	  anomalous	  scatterers)	  into	  
proteins	  by	  Wayne	  Hendrickson’s	  lab	  has	  been	  a	  great	  breakthrough	  in	  the	  
application	  of	  MAD/SAD	  methods	  in	  PX	  [72],	  and	  resulted	  in	  the	  MAD/SAD	  phasing	  
as	  the	  dominating	  methods	  in	  ab	  initio	  phasing	  for	  protein	  crystal	  structures	  [73].	  
	  
MIRAS/SIRAS	  (multiple/single	  isomorphous	  replacement	  plus	  anomalous	  
scattering)	  [74]	  is	  also	  used	  with	  heavy	  atom	  derivatives	  since	  all	  heavy	  atoms	  are	  
usually	  good	  anomalous	  scatterers	  at	  certain	  wavelength,	  many	  programs	  can	  be	  
used	  for	  this	  approach,	  e.g.	  in	  SHARP	  [69]	  and	  PHASER	  [75].	   	   Single-‐wavelength	  
SAD	  phasing,	  pioneered	  by	  Hendrickson	  &	  Teeter	  in	  1981	  [76]	  and	  Wang	  in	  1985	  
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[77],	  is	  technically	  simpler	  than	  MAD,	  and	  gained	  much	  more	  popularity	  during	  
recent	  years.	   	   In	  terms	  of	  data	  collection,	  SAD	  may	  need	  more	  accuracy	  than	  MAD,	  
especially	  when	  weak	  anomalous	  scatterers	  such	  as	  phosphorus	  or	  sulfur	  are	  used	  
[78,	  79],	  but	  SAD	  does	  not	  require	  precise	  wavelength	  tuning	  and	  can	  be	  
performed	  even	  in	  home	  laboratories	  with	  Cu	  or	  Cr	  X-‐ray	  sources.	   	   Furthermore,	  
protein	  crystal	  diffraction	  data	  decays	  with	  radiation	  damage	  over	  prolonged	  
collection	  times.	   	   In	  some	  cases,	  the	  diffraction	  decay	  can	  be	  significant	  even	  
within	  a	  data	  set,	  making	  it	  impossible	  to	  measure	  multiple	  anomalous	  data	  sets	  
accurately.	   	   Faster	  and	  more	  accurate	  data	  collection	  strategies	  focusing	  on	  one	  
single	  data	  set	  can	  however	  be	  applied	  for	  SAD	  data	  collection.	   	   	  
	  
	  
S-SAD	  method:	   	   	  
Sulfur-‐SAD	   (S-‐SAD)	   is	   a	   type	   of	   SAD	  method	  using	   very	  weak	   anomalous	   signals	  
from	   intrinsic	   sulfur	   atoms	   presented	   in	   cysteine	   and	   methionine	   residues	   in	  
proteins.	   	   Since	  it	  only	  requires	  one	  set	  of	  native	  diffraction	  data,	  BC	  Wang	  gave	  it	  
a	   name	   “direct	   crystallography”;	   the	   crystal	   structure	   can	   be	   calculated	   directly	  
from	  one	  set	  of	  such	  native	  crystal	  data	  by	  S-‐SAD	  method	  in	  theory	  [77].	   	   In	  fact,	  
Hendrickson	   &	   Teeter	   were	   the	   first	   to	   solve	   a	   small	   protein	   crambin	   structure	  
using	   S-‐SAD	   method	   using	   an	   in-‐house	   X-‐ray	   source	   [76].	   	   In	   practice	   it	   is	   not	  
always	  easy	  to	  solve	  protein	  structures	  by	  S-‐SAD	  due	  to	  low	  signal-‐to-‐noise	  ratio.	   	  
A	   few	   examples	   of	   successful	   S-‐SAD	   applications	   are	   listed	   from	   SR	   source	   data	  
collection	   and	   from	   home	   X-‐ray	   source	   [80,	   81].	   	   The	   introduction	   of	   the	  
chromium	   rotating	   anode	   by	   Rigaku/MSC	   [82]	   and	   designs	   of	   new	   synchrotron	  
beamlines	   optimized	   for	   the	   use	   of	   long	   wavelength	   (e.g.	   at	   Diamond;	  
http://www.diamond.ac.uk/Activity/Beamlines/)	   are	   deliberately	   intended	   for	  
the	  application	  of	  SAD	  phasing	  with	  light	  elements	  such	  as	  sulfur.	   	   	  
	  
	  
MR	  (molecular	  replacement)	  method:	   	  
The	  molecular	  replacement	  method,	  originally	  initiated	  and	  developed	  by	  Michael	  
Rossmann	  [83],	  is	  now	  responsible	  for	  more	  than	  half	  of	  all	  structures	  deposited	  in	  
PDB	  (protein	  data	  bank,	  http://www.rcsb.org/pdb/home/home.do).	  Since	  almost	  
all	  protein	  structure	  folds	  are	  thought	  to	  have	  been	  discovered	  already,	  thanks	  in	  
part	   to	   structural	   genomics	   efforts,	   and	   as	   structural	   representatives	   of	   many	  
protein	  families	  are	  known,	  it	  is	  quite	  clear	  that	  in	  the	  near	  future	  the	  vast	  majority	  
of	  macromolecular	  structure	  determinations	  will	  be	  based	  on	  MR	  methods.	   	   This	  
will	  be	  aided	  by	  the	  availability	  of	  protein	  sequences	  from	  vast	  numbers	  with	  the	  
development	  of	  NGS	  (next	  generation	  sequencing)	  techniques.	   	  

	  
In	   the	   early	   stages	   of	  MR	  development,	   the	  numerical	   calculation	  of	   the	   rotation	  
function	  was	  slow	  and	  inaccurate.	   	   Tony	  Crowther	  then	  developed	  a	  fast	  rotation	  
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function	   that	   transformed	   the	   rotation	   function	   into	   an	   FFT	   algorithm	   and	  
completely	  changed	  the	  field	  [84,	  85]	  by	  making	  MR	  routine	  and	  fast.	   	   Due	  to	  lack	  
of	  computing	  power,	  the	  early	  applications	  of	  MR	  usually	  involved	  two	  stages,	  first	  
performing	   the	   three	   dimensional	   rotational	   search	   followed	   by	   the	   three	  
dimensional	  translation	  function,	  as	  programmed	  in	  AMoRe	  [86]	  and	  MOLREP	  [87].	   	  
With	   the	   development	   of	   computing	   power	   following	   Moore’s	   law	   (Figure	   3),	  
newer	  programs	  that	  can	  perform	  six-‐dimensional	  searches	  [88,	  89],	  and	  software	  
implementing	  maximum-‐likelihood	  principles	  [75],	  MR	  is	  now	  more	  powerful	  and	  
successful	   in	   difficult	   cases	   even	   with	   relatively	   dissimilar	   search	   models	   [90].	   	  
Recent	  developments	  of	  MR	  methods	  include	  more	  accurate	  model	  generation	  and	  
calculations	  combining	  Phenix	  and	  Rosetta[91,	  92,	  93].	   	   	  
	  
	  
Direct	  methods	  and	  assisted	  methods:	   	  
Direct	  methods,	  first	  proposed	  by	  Sayre,	  Karle	  and	  Hauptman	  in	  the	  1950s,	  have	  
generally	  and	  successfully	  been	  applied	  to	  small	  molecule	  crystallography.	   	   This	  
led	  to	  a	  Nobel	  Prize	  in	  chemistry	  for	  Karle	  and	  Hauptman	  in	  1982	  (Table	  1).	   	   In	  PX,	  
the	  location	  of	  heavy	  or	  anomalous	  atoms	  has	  heavily	  relied	  on	  direct	  methods,	  
firstly	  by	  the	  early	  popular	  program	  MULTAN	  [94],	  later	  by	  using	  the	  direct	  
method	  program	  SHELXD	  [95]),	  although	  complete	  solution	  of	  atomic	  resolution	  
structures	  has	  also	  been	  accomplished	  for	  some	  small	  proteins.	   	   The	  most	  
powerful	  direct	  method	  programs	  are	  based	  on	  the	  dual	  space	  (direct-‐	  and	  
reciprocal-‐space)	  recycling	  principle,	  as	  implemented	  in	  SnB	  [96],	  SHELXD	  [95],	  
ACORN	  [97]	  and	  CRUNCH	  [98].	   	   	  
	  
A	   particular	   effort	   of	   using	   direct	   methods	   not	   to	   locate	   heavy	   atoms,	   but	   to	  
improve	   phasing	   was	  made	   by	   the	   program	   OASIS	   developed	   by	   Haifu	   Fan	   and	  
colleagues	  at	  the	  Chinese	  Academy	  of	  Sciences	  [99,	  100,	  101].	   	   OASIS	  is	  especially	  
powerful	  in	  breaking	  phase	  ambiguities	  during	  SIR	  or	  SAD	  phasing.	   	  
	  
	  
 Solvent	  flattening/flipping	  and	  density	  modification	  programs:	   	  
In	  the	  early	  1980s,	  B.C.	  Wang	  proposed	  the	  so-‐called	  solvent	  flattening	  algorithm	  
as	  a	  powerful	  method	  of	  phase	  improvement	  and	  extension	  [77].	   	   It	  is	  based	  on	  
that	  idea	  that	  the	  packing	  of	  the	  protein	  in	  the	  crystal	  lattice	  can	  be	  divided	  into	  
two	  different	  regions,	  the	  protein	  region	  with	  stronger	  electron	  density	  and	  the	  
solvent	  region,	  with	  weak,	  noise-‐like	  electron-‐density	  that	  could	  be	  iteratively	  
filtered	  out.	   	   Other	  restraints	  based	  on	  the	  known	  expected	  behavior	  of	  the	  
electron	  density	  are	  also	  very	  powerful,	  such	  as	  the	  use	  of	  non-‐crystallographic	  
symmetry	  (NCS)	  averaging	  [102]	  and	  histogram	  matching	  [103].	   	   These	  
density-‐modification	  procedures	  have	  been	  incorporated	  into	  many	  programs	  
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such	  as	  DM	  [104],	  and	  closely-‐related	  algorithms	  are	  implemented	  in	  RESOLVE	  
[105]	  and	  SOLOMON	  [106].	   	  
	  
	  
 Computer	  graphics:	   	  
The	  presentation	  of	  a	  protein	  structure	  was	  very	  difficult	  before	   the	   invention	  of	  
computer	   graphics	   (Perutz,	   1985).	   	   The	   first	   widely	   used	   graphics	   program	  
FRODO	  [107]	  was	  a	  real	  breakthrough	  for	  understanding	  protein	  atomic	  structure	  
and	   for	   the	   rapid	   PX	   development	   in	   general.	   	   The	   PX	   computer	   graphics	   guru,	  
Alwyn	   Jones,	   is	   a	   fan	   of	   J.R.R.	   Tolkien’s	   “The	   Lord	   of	   the	   Rings”,	   and	   used	  many	  
names	  from	  Tolkien’s	  books	  and	  figures	  to	  name	  his	  computer	  graphics	  programs	  
and	  routines.	   	   The	  most	  widely	  used	  computer	  graphics	  systems	  include	  O	  [108],	  
COOT	  [109],	  PyMol	  by	  the	  late	  Warren	  DeLano,	  XtalView	  [110],	  and	  QUANTA	  [111].	   	  
Computer	   graphics	   programs	   may	   often	   show	   users	   of	   protein	   structures	   with	  
false	  precision	  in	  non-‐bonded	  distances	  particularly	  for	  inexperienced	  beginners,	  a	  
detailed	  analyses	  of	  precision	  in	  non-‐bonded	  distances	  can	  be	  found	  in	  [112].	  
	  
Computer	  graphics	  programs	  are	  not	  only	  used	  for	  display	  the	  molecules	  and	  
electron-‐density	  maps.	   	   More	  importantly	  they	  are	  also	  used	  in	  combination	  with	  
other	  programs	  for	  map	  interpretation	  and	  construction	  of	  molecular	  models,	  
manually	  or	  more	  recently	  by	  automatic	  fitting	  and	  model	  building	  functions.	   	  
The	  construction	  of	  the	  protein	  chain	  is	  very	  often	  performed	  without	  human	  
intervention	  by	  automatic	  model	  building	  programs	  such	  as	  ARP/wARP	  [113],	  
RESOLVE	  [105],	  and	  Buccaneer[114].	  
	  
	  
 Structure	  refinement	  and	  structure	  validation	  programs:	   	  
Earlier	  protein	  crystal	   structures	  were	  solved	  and	  published	  without	  refinement.	   	  
This	   situation	   continued	   until	   late	   1980s	   when	   structural	   refinement	   became	   a	  
routine	   for	   PX,	   although	   least-‐squares	   refinement	   with	   geometry	   regularization	  
had	   been	   already	   introduced	   in	   1970s	   [63,	   115].	   	   This	   was	   followed	   by	  
least-‐squares	   refinement	   with	   built-‐in	   geometry	   restraints	   as	   implemented	   in	  
PROLSQ	  [116,	  117],	  and	  other	  refinement	  programs	  such	  as	  TNT	  [118]	  .	  
	  
A	  major	  breakthrough	  in	  PX	  structural	  refinement	  became	  possible	  when	  Axel	  
Brunger	  programmed	  least-‐square	  refinement	  with	  geometric	  restraints	  combined	  
with	  molecular	  dynamics	  (MD)	  simulation	  into	  X-‐PLOR	  [119].	   	   Later	  X-‐PLOR	  was	  
expanded	  to	  include	  NMR	  structure	  refinement	  and	  was	  superseded	  by	  the	  
program	  suite	  Crystallography	  and	  NMR	  System	  (CNS)	  [120].	   	   Since	  then,	  X-‐PLOR	  
and	  CNS	  have	  become	  highly	  popular	  protein	  structural	  refinement	  tools	  and	  have	  
been	  used	  all	  over	  the	  world.	   	   The	  application	  of	  MD	  simulation	  in	  every	  
structural	  laboratory	  could	  be	  arguably	  claimed	  as	  the	  most	  widespread	  
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application	  of	  MD	  simulation	  methods	  pioneered	  by	  Martin	  Karplus	  and	  colleagues	  
and	  recognized	  very	  recently	  by	  a	  Nobel	  prize	  (see	  table	  1).	   	   The	  over-‐fitting	  
problem	  of	  protein	  structural	  refinement	  has	  been	  ingeniously	  solved	  by	  Brunger	  
through	  introducing	  the	  objective	  validation	  tool	  of	  R-free	  calculated	  using	  a	  small	  
fraction	  of	  reflections	  never	  used	  in	  the	  refinement	  calculation	  [121].	   	  
	  
Other	  crystal	  structural	  refinement	  programs	  often	  used	  include	  SHELXL	  [122]	  
which	  evolved	  from	  small-‐molecule	  crystallography	  and	  which	  has	  many	  options	  
not	  available	  in	  other	  refinement	  programs.	   	   SHELXL	  is	  vital	  for	  full	  matrix	  
inversion	  calculation	  which	  yield	  standard	  deviations	  on	  atomic	  coordinates,	  but	  
it	  requires	  relatively	  high	  resolution,	  to	  overcome	  the	  resolution	  challenge,	  
semi-‐quantitative	  validation	  methods	  have	  been	  developed	  [123,	  124].	   	   Other	  
refinement	  software	  systems	  such	  as	  REFMAC	  [125]	  and	  BUSTER	  [126]	  are	  
based	  on	  maximum-‐likelihood	  principles.	   	   REFMAC	  is	  also	  extensively	  utilized	  
by	  the	  automatic	  model	  building	  program	  ARP/wARP	  during	  structural	  solution	  
and	  automatic	  model	  building.	   	   Recently,	  the	  program	  solution	  and	  refinement	  
suite	  Phenix	  has	  gained	  lots	  of	  popularity	  due	  to	  its	  automatic	  and	  user-‐friendly	  
features	  [127,	  128].	    
	  
Structural	  model	  validation	  has	  always	  been	  important	  before	  a	  structure	  is	  finally	  
finished	   and	   deposited	   into	   the	   PDB	   since	   the	   structural	   data	   might	   be	  
misinterpreted	   and	   any	   errors	   will	   propagate	   into	   the	   relevant	   fields	   .	   	   Several	  
programs	  have	  been	  especially	  developed	  for	  checking	  the	  correctness	  of	  protein	  
models.	   The	   most	   popular	   and	   comprehensive	   are	   PROCHECK	   [129],	  
WHAT_CHECK	  [130],	  SFCHECK	  [131]	  and	  MOLPROBITY	  [132].	  
	  
	  
	  
HARDWARE	  TECHNOLOGY:	  Light	  sources,	  detectors	  and	  computer	  hardware	  
	  
 X-ray	  Light	  Sources:	   	  
The	  home	  sources:	   	  
In	  the	  early	  days	  after	  the	  discovery	  of	  X-‐ray	  by	  Röntgen	  until	  the	  1970s,	  sealed	  
tubes	  were	  the	  standard	  laboratory	  X-‐ray	  sources.	   	   In	  these	  sealed	  tubes	  
electromagnetic	  radiation	  was	  produced	  by	  bombardment	  of	  anodes	  made	  of	  
metals	  such	  as	  copper	  or	  molybdenum.	   	   Electrons	  were	  emitted	  by	  a	  thermionic	  
cathode	  in	  the	  form	  of	  a	  lamp	  filament	  and	  were	  accelerated	  to	  energies	  of	  tens	  or	  
hundreds	  of	  kilovolts.	   	   The	  sealed	  tube	  setup	  for	  X-‐ray	  crystallography	  was	  
gradually	  replaced	  by	  rotating-‐anode	  machines	  in	  which	  the	  anode,	  kept	  in	  high-‐	  
speed	  rotation,	  could	  withstand	  much	  more	  bombardment	  and	  deliver	  more	  
intense	  X-‐ray	  beams	  (reviewed	  in	  [133]).	   	   The	  rotating-‐anode	  machines	  remain	  
standard	  laboratory	  equipment	  for	  most	  X-‐ray	  crystallography	  labs	  worldwide	  
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where	  synchrotron	  radiation	  is	  not	  available.	   	   Uli	  Arndt,	  a	  guru	  of	  crystallographic	  
X-‐ray	  source	  technology	  who	  developed	  many	  types	  of	  X-‐ray	  home	  sources,	  also	  
developed	  a	  micro-‐focusing	  sealed	  tube	  that	  is	  almost	  as	  intense	  as	  rotating	  anode	  
sources	  at	  the	  focusing	  spot	  and	  that	  has	  gained	  popularity	  in	  the	  recent	  years	  
[134].	  
	  
Copper	  anode	  targets	  have	  been	  the	  most	  popular	  among	  PX	  labs	  due	  to	  its	  strong	  
intensity	  at	  Kα	  wavelength	  of	  1.5418	  Å,	  matching	  the	  diffraction	  limits	  of	  about	  2	  -‐	  
3	  Å	  for	  many	  protein	  crystals.	   	   Molybdenum	  targets	  producing	  X-‐rays	  of	  0.71	  Å	  
wavelength	  have	  mostly	  been	  used	  for	  small	  molecule	  crystallography	  requiring	  
sub-‐	  Å	  resolution.	   	   The	  routine	  application	  of	  chromium-‐based	  (wavelength	  =	  
2.23	  Å)	  rotating	  anodes,	  useful	  for	  the	  sulfur	  SAD	  data	  collection	  and	  phasing	  on	  
protein	  crystals,	  have	  been	  a	  recent	  commercial	  product	  in	  home	  source	  
technology	  [82].	   	   Although	  home	  X-‐ray	  sources	  are	  becoming	  more	  and	  more	  
compact,	  automated	  and	  user-‐friendly	  for	  operation,	  they	  are	  also	  turning	  into	  
accessory	  tools	  for	  screening	  protein	  crystals	  and	  to	  confirm	  crystallization	  and	  
freezing	  conditions.	  The	  major	  drawbacks	  of	  home	  sources	  are	  their	  relatively	  
weak	  intensity	  and	  fixed	  wavelength.	   	   This	  can	  be	  compared	  with	  synchrotron	  
radiation	  (SR)	  X-‐ray	  sources	  which	  are	  becoming	  the	  “must”	  tool	  for	  anyone	  who	  
carries	  out	  macromolecular	  crystallography.	   	  
	  
	  
 Synchrotron	  radiation	  (SR)	  and	  X-ray	  free	  electron	  laser	  (XFEL):	  
The	  emergence	  and	  application	  of	  SR	  to	  biological	  samples	  and	  protein	  
crystallography	  started	  with	  the	  pioneering	  work	  of	  Rosenbaum	  ,Holmes	  and	  
Phillips	  [135,	  136].	   	   The	  SR	  produced	  by	  the	  first	  generation	  synchrotron	  
(cyclotron)	  was	  once	  regarded	  as	  a	  hideous	  energy-‐wasting	  side	  effect	  needed	  to	  
be	  avoided	  by	  design.	   	   This	  changed	  after	  Rosenbaum,	  Holmes	  and	  other	  
crystallographers	  demonstrated	  that	  the	  SR	  could	  be	  used	  as	  a	  very	  strong	  X-‐ray	  
source	  to	  get	  much	  higher	  resolution	  X-‐ray	  diffraction	  and	  improved	  
signal-‐to-‐noise	  ratio.	   	   Since	  then,	  many	  applications	  have	  been	  found	  for	  SR.	   	  
Dedicated	  synchrotrons	  for	  the	  generation	  of	  stronger	  SR	  (the	  second	  generation	  
of	  synchrotrons)	  and	  specialized	  beamlines	  had	  been	  built	  for	  X-‐ray	  
crystallography,	  particularly	  for	  PX	  applications.	   	   In	  the	  beginning,	  
fixed-‐wavelength	  bending-‐magnet	  beamlines	  were	  the	  common	  solution.	   	  
However,	  the	  majority	  of	  beamlines	  in	  current	  use	  are	  tunable-‐wavelength	  lines,	  
often	  equipped	  with	  insertion	  devices	  such	  as	  undulators	  or	  wigglers	  that	  enhance	  
the	  generation	  of	  X-‐rays.	  
	  
In	  the	  1990s,	  the	  advances	  in	  technology	  led	  to	  the	  construction	  of	  so-‐called	  the	  
third-‐generation	  synchrotron	  sources,	  characterized	  by	  larger	  ring	  sizes	  (some	  of	  
their	  diameters	  approach	  1	  km)	  and	  much	  higher	  beam	  brightness	  and	  stability.	   	  
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Such	  machines	  were	  first	  built	  in	  Grenoble,	  France	  (ESRF),	  Chicago,	  USA	  (APS),	  
Harima	  Science	  Park	  City,	  Japan	  (SPring-‐8)	  and	  Berkeley,	  USA	  (ALS).	   	   Other	  
recent	  examples	  include	  synchrotrons	  in	  Didcot,	  UK	  (DIAMOND),	  Shanghai,	  China	  
(SSRF:	  Shanghai	  Synchrotron	  Radiation	  Facilities),	  Saint-‐Aubin,	  France	  (SOLEIL),	  
Villigen,	  Switzerland	  (SLS),	  Cerdanyola,	  Spain	  (ALBA)	  and	  Hamburg,	  Germany	  
(PETRA	  III).	   	   Figure	  2	  graphically	  describes	  the	  developments	  of	  the	  major	  events	  
in	  SR	  and	  XFEL	  compared	  with	  other	  rapid	  growing	  techniques.	   	   	  
	  

	  
	  
Figure	  2.	  The	  three	  representative	  technology	  fields	  with	  most	  rapidly	  increasing	  
rates.	   	   All	   three	   have	   directly	   contributed	   to	   structural	   biology.	   	   In	   fact,	   among	  
the	  three,	  electronics	  governed	  by	  the	  famous	  Moore’s	  law	  has	  had	  the	  slowest	  but	  
most	   stable	   exponential	   growth	   since	   1970s.	   	   It	   has	   increased	   more	   than	   10	  
orders	  of	  magnitude	  over	  the	  last	  40	  plus	  years	  and	  is	  responsible	  for	  the	  explosive	  
growth	   of	   computers,	   IT	   and	   telecommunications	   industry.	   	   The	   red	   line	  
represents	  the	  recent	  rapid	  growth	  of	  the	  so-‐call	  next	  generation	  sequencing	  (NGS)	  
which	  has	  increased	  about	  10	  orders	  of	  magnitude	  just	  over	  the	  last	  10	  years.	  DNA	  
(gene)	   sequences	   direct	   protein	   synthesis	   that	   is	   indispensible	   in	   recombinant	  
DNA	   technology	   and	   therefore	   in	   solving	   protein	   structures.	   	   NGS	   makes	   it	  
possible	   to	   get	   an	   overall	   estimation	   of	   how	   many	   proteins	   are	   in	   biological	  
systems	   and	   that	   we	   might	   need	   to	   crystallize	   and	   visualize	   crystal	   structures.	  
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X-‐ray	   source	   intensities	   have	   increased	  more	   than	  20	  orders	   of	  magnitude	   since	  
1980s	  from	  the	  dedicated	  X-‐ray	  production	  source	  of	  2nd	  generation	  SR	  to	  current	  
XFEL	  sources.	   	   	  
	  
	  
 Data	  collection:	  detectors	  and	  methods	  
Diffraction	  data	  collection	  using	  sensitive	  X-‐ray	  detectors	  is	  a	  crucial	  step	  for	  
experimental	  crystallography	  since	  all	  the	  following	  steps	  are	  computational	  and	  
can	  always	  be	  repeated	  easily.	   	   Photographic	  films	  and	  precession	  cameras	  [137]	  
were	  the	  first	  methods	  that	  could	  be	  used	  for	  PX	  data	  collection	  and	  data	  reduction	  
and	  were	  successfully	  applied	  to	  early	  protein	  crystal	  structure	  determinations.	   	  
Later,	  automatic	  three-‐	  and	  four-‐circle	  diffractometers	  [138,	  139]	  were	  designed	  
and	  used	  in	  crystallography.	   	   This	  kind	  of	  system	  was	  most	  successful	  for	  
crystallographic	  data	  collection	  of	  small	  molecule	  crystals	  due	  to	  the	  inefficiencies	  
of	  limited	  spatial	  resolution	  and	  collection	  of	  only	  one	  diffraction	  spot	  at	  once.	   	  
Protein	  crystals	  normally	  diffract	  much	  more	  weakly	  and	  decay	  much	  faster	  than	  
small	  molecule	  crystals,	  and	  protein	  crystals	  have	  much	  larger	  unit	  cells	  as	  well.	   	  
Simultaneous	  collection	  of	  the	  weak	  diffraction	  spots	  over	  a	  large	  area	  with	  high	  
spatial	  resolution	  for	  PX	  data	  is	  absolutely	  required	  and	  this	  could	  be	  achieved	  by	  
X-‐ray-‐sensitive	  film.	   	   The	  later	  application	  of	  area	  detectors	  from	  high	  energy	  
detecting	  techniques	  (see	  Table	  1)	  with	  sufficient	  sensitivity	  and	  spatial	  resolution	  
has	  been	  a	  crucial	  step	  for	  PX	  development.	   	   During	  the	  development	  of	  detectors	  
for	  PX	  applications,	  automatic	  computer-‐controlled	  two-‐dimensional	  detectors,	  
such	  as	  multi-‐wire	  proportional	  counters,	  TV	  cameras,	  phosphorus-‐based	  imaging	  
plates,	  charge-‐coupled	  devices	  (CCDs)	  and	  complementary	  metal	  oxide	  
semiconductor	  (CMOS)	  detector	  have	  been	  applied	  in	  many	  PX	  labs	  and	  in	  general	  
increased	  the	  accuracy	  and	  speed	  of	  measuring	  diffraction	  intensities.	   	   However,	  
many	  of	  those	  types	  of	  detectors	  are	  becoming	  obsolete;	  currently	  widely-‐used	  
detectors	  are	  CCD	  and	  CMOS	  based,	  and	  the	  pixel	  array	  detectors	  such	  as	  the	  
Pilutas	  detector	  by	  DECTRIS	  Ltd.	  [140,	  141]	  are	  becoming	  the	  new	  standard	  
detectors	  in	  PX	  applications.	   	   Kazuya	  Hasegawa	  at	  Spring-‐8	  has	  recently	  
developed	  an	  X-‐ray	  CMOS	  detector	  (Hamamatsu	  Photonics	  KK	  C10158DK)	  with	  a	  
new	  shutterless	  continuous	  rotation	  method	  for	  protein	  crystallography	  [142].	  The	  
new	  detectors	  mentioned	  above,	  together	  with	  the	  shutterless	  continuous	  rotation	  
method,	  will	  likely	  to	  bring	  PX	  data	  collection	  into	  a	  new	  era.	  
	  
Data	  reduction	  programs:	   	  
The	  first	  thing	  to	  do	  after	  data	  collection	  by	  current	  oscillation	  or	  shutterless	  
continuous	  rotation	  method	  is	  indexing	  and	  integration	  of	  the	  Bragg	  reflections,	  
then	  reducing	  the	  raw	  data	  into	  intensity	  or	  amplitude	  files	  for	  later	  structure	  
determination.	   	   The	  most	  widely	  used	  data	  reduction	  programs	  are	  HKL	  2000	  
(earlier	  version	  called	  Denzo)	  and	  later	  versions	  [143]	  with	  powerful	  
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auto-‐indexing	  routines;	  CCP4	  suite	  derived	  MOSFLM	  [144];	  simple	  but	  elegant	  XDS	  
(which	  may	  not	  be	  regarded	  as	  user-‐friendly	  for	  beginners	  since	  it	  has	  no	  good	  
graphics	  interface	  to	  look	  at	  the	  spots)	  with	  many	  versatilities	  [145];	  d*TREK	  [146]	  
and	  XGEN	  [147](A.	  J.	  Howard;	  http://xgen.iit.edu/).	   	   The	  most	  popular	  data	  
reduction	  program	  for	  neutrons	  is	  Laugen	  [148].	  
	  
 Cryo-crystallography:	  
Cryo-‐crystallography,	  i.e.	  collecting	  diffraction	  data	  at	  temperatures	  about	  100	  K,	  is	  
a	  crucial	  technique	  development	  for	  PX,	  particularly	  for	  SR	  data	  collection	  since	  
radiation	  damage	  is	  usually	  much	  more	  severe	  at	  synchrotron	  sources.	   	   The	  low	  
temperature	  can	  protect	  the	  protein	  crystals	  during	  data	  collection.	   	  
Cryoprotectants,	  composed	  of	  small	  molecules	  such	  as	  glycerol,	  ethanol,	  MPD,	  
glucose,	  low	  MW	  PEG	  are	  small	  organic	  molecules,	  normally	  with	  many	  hydroxyl	  
groups	  or	  certain	  salts	  at	  high	  concentration.	  Solutions	  containing	  cryoprotectants	  
can	  be	  solidified	  in	  a	  state	  of	  amorphous	  glass	  upon	  freezing	  and	  this	  glass	  state	  
may	  preserve	  crystalline	  order	  and	  the	  diffraction	  properties	  of	  the	  protein	  
crystals	  [149].	   	   Several	  types	  of	  cryo	  jets	  that	  inject	  a	  gaseous	  stream	  from	  a	  
liquid	  nitrogen	  container	  to	  maintain	  the	  low	  temperature	  during	  data	  collection	  
are	  commercially	  available.	   	   The	  protein	  crystals	  are	  usually	  scooped	  from	  the	  
mother	  liquor	  with	  a	  small	  nylon	  fiber	  loop	  (or	  other	  equivalent	  small	  loop-‐like	  
structures	  made	  from	  X-‐ray	  transparent	  materials)	  and	  quickly	  plunged	  in	  the	  
liquid	  nitrogen	  or	  placed	  in	  the	  stream	  of	  the	  cold	  nitrogen	  at	  temperatures	  about	  
100	  K	  [150].	  
	  
	  
	  
WET	  LAB	  TECHNOLOGY:	   	  
Protein	  purification,	  crystallization	  and	  recombinant	  DNA	  techniques	  
From	   the	   1950s	   through	   the	   end	   of	   1960s,	   obtaining	   proteins	   was	   gradually	  
becoming	   a	   limiting	   factor	   for	   protein	   crystallography,	   and	   only	   a	   few	   protein	  
structures	  were	  determined	  worldwide.	   	   A	  major	  breakthrough	  came	  in	  the	  early	  
1970s,	   when	   three	   scientists,	   Berg,	   Boyer	   and	   Cohen	   at	   Stanford	   University	  
invented	  recombinant	  DNA	  technology	  [12,	  14,	  151].	   	   It	  was	  soon	  found	  that	  the	  
amounts	  of	   target	  proteins	  derived	   from	  recombinant	  sources	  could	  be	  sufficient	  
to	  produce	  crystals.	   	   At	  almost	  the	  same	  time,	   the	  establishment	  of	  Protein	  Data	  
Bank	   (PDB)	  was	   announced	  at	   a	  meeting	  held	   at	  Cold	   Spring	  Harbor	  Laboratory	  
(CSHL).	   	   The	  application	  of	  molecular	  biology	  has	  contributed	  in	  a	  major	  way	  to	  
the	  rapid	  growth	  of	  the	  PDB.	   	   	  
	  
Early	   on,	   protein	   crystallization	   would	   mostly	   be	   carried	   out	   by	   salting-‐out,	   for	  
example	   using	   ammonium	   sulfate.	   	   Today	   there	   are	   many	   ways	   to	   crystallize	  
proteins	   (and	   nucleic	   acids)	   [48,	   152].	   	   The	  most	   popular	   crystallization	   setups	  
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are	   vapor	   diffusion	   methods	   using	   the	   hanging-‐drop	   [153]	   or	   sitting-‐drop	  
approaches.	   	   Membrane	   proteins	   have	   been	   crystallized	  ways	   similar	   to	   soluble	  
proteins.	   One	   specific	   crystallization	  method,	   ‘in	   cubo’,	   i.e.	   in	   the	   scaffold	   of	   the	  
cubic	  lipid	  phase	  for	  membrane	  proteins	  was	  been	  developed	  more	  recently	  [154,	  
155].	  
	  
Organic	  solvents	  and	  polymer	  molecules	  such	  as	  PEG	  have	  been	  found	  very	  useful	  
for	  protein	  crystallization,	  and	  various	  sets	  of	  crystallization	  screening	  conditions	  
including	  selected	  conditions	  by	  sparse-‐matrix	  sampling	  [50]	  have	  been	  developed.	   	  
Currently	  many	  ready-‐made	  solutions	  are	  available	  commercially,	  including	  for	  
example	  products	  by:	   	   	  
Hampton	  Research,	  http://www.hamptonresearch.com/;	   	  
Emerald	  Biostructures,	  http://www.emeraldbiostructures.com/;	   	  
Jena	  Bioscience,	  http://www.jenabioscience.com/;	   	  
Molecular	  Dimensions,	  http://www.moleculardimensions.com/.	  
	  
Automation	  for	  setting	  up	  crystallization	  conditions	  has	  been	  successfully	  
introduced	  [156,	  157],	  and	  currently	  many	  academic	  and	  industrial	  laboratories	  
are	  equipped	  with	  crystallization	  robots.	  
	  
The	   developments	   of	   wet	   lab	   technologies:	   Protein	   production	   and	  
purification	   	  
Recombinant	  expression	  of	  exotic	  proteins	   in	  Escherichia	  coli	   (E.	  coli)	   is	  the	  most	  
commonly	   used	   method	   in	   the	   structural	   biology	   research	   field.	   	   Though	  
straightforward	   and	   cost-‐	   and	   time-‐effective,	   this	   prokaryotic	   system	   has	   its	  
limitations.	   	   Many	   eukaryotic	   proteins	   such	   as	   secretory	   molecules,	   membrane	  
proteins,	  and	  large	  protein	  complexes	  require	  post-‐translational	  modifications	  and	  
an	  advanced	  chaperone	  machinery	   for	  proper	   folding	  and	  assembly.	   	   Eukaryotic	  
expression	  systems	  including	  yeasts,	   insect	  cells,	  and	  mammalian	  cells	  have	  been	  
established	   to	   produce	   such	   proteins	   (reviewed	   in	   [158,	   159,	   160]).	   	   The	  
well-‐studied	  baker's	  yeast,	  Saccharomyces	  cerevisiae	  and	  the	  methylotroph	  Pichia	  
pastoris	  are	  frequently	  used	  as	  alternatives	  to	  E.	  coli,	  owing	  to	  their	  ability	  to	  grow	  
in	   simple	   and	   inexpensive	   media	   [161,	   162].	   	   For	   example,	   the	   P.	   pastoris	  
expression	   system	   has	   been	   successfully	   applied	   to	   the	   structural	   studies	   of	   the	  
potassium	   channels	   [163,	   164].	   	   The	  baculovirus	   expression	   system	   (BVES)	   and	  
insect	   cell	   system	   (Sf9/Sf21	   cells	   from	  Spodoptera	   frugiperda,	   and	  Tn5	   cell	   from	  
Trichoplusia	   ni)	   were	   developed	   more	   than	   thirty	   years	   ago,	   and	   is	   the	   most	  
commonly	   used	   eukaryotic	   expression	   system	   [165,	   166].	   	   Notably,	   G-‐protein	  
coupled	   receptors	   are	   often	   generated	   this	   way	   [167,	   168].	   	   To	   circumvent	  
problems	   caused	   by	   the	   lytic	   nature	   of	   baculoviruses,	   S2	   cells	   from	   Drosophila	  
melanogaster	  have	  been	  increasingly	  used	  [169].	   	   Mammalian	  cells,	  including	  the	  
CHO	   (chinese	   hamster	   ovary)	   and	   the	   HEK	   293	   (human	   embryonal	   kidney)	   cell	  
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lines	  are	  also	  often	  used	  [170].	   	   As	  a	  reflection	  of	  the	  maturity	  of	  the	  mammalian	  
expression	   technology,	   the	   mTOR	   kinase	   structure	   was	   recently	   solved	   using	  
protein	  samples	  produced	  from	  large	  amounts	  of	  HEK293	  cells	  [171].	   	   In	  the	  post	  
structural	   genomics	   era,	   we	   expect	   that	   eukaryotic	   expression	   systems	   will	   be	  
brought	   into	   the	   mainstream	   in	   order	   to	   tackle	   difficult	   proteins	   and	   biological	  
questions.	  
	  
Cell	  free	  protein	  production	  has	  been	  exploited	  and	  widely	  applied	  as	  reviewed	  by	  
Yokoyama	  and	  colleagues	  [172,	  173].	   	  
	  
	  
	  
RECENT	   AND	   FUTURE	   PERSPECTIVES:	   Structural	   genomics	   and	   X-ray	  
free-electron	  laser;	  
	  
 Structural	  Genomics	  2000-2015	  
At	  the	  end	  of	  the	  20th	  century	  many	  macromolecular	  crystallographers	  were	  
inspired	  by	  the	  Human	  Genome	  project	  and	  the	  rapid	  developments	  in	  methods	  for	  
structure	  determination.	   	   They	  envisioned	  that	  further	  automation	  of	  structure	  
determination	  would	  allow	  large-‐scale	  and	  systematic	  structure	  determination	  of	  
macromolecules.	   	   This	  genomics-‐inspired	  approach	  became	  known	  as	  Structural	  
Genomics	  (or	  Structural	  Proteomics).	   	   Several	  centers	  worldwide	  started	  to	  be	  
engaged	  in	  structural	  genomics	  projects	  in	  Europe	  [174],	  the	  USA	  [175],	  and	  Japan	  
[176].	   	   	  
	  
The	  Human	  Genome	  project	  and	  the	  associated	  massive	  genomic	  sequencing	  of	  a	  
wide	   range	   of	   organisms	  became	   a	  major	   impetus	   for	   Structural	  Genomics	   [177,	  
178,	   179,	   180].	   	   The	   availability	   of	   genomic	   sequences	   for	   a	   rapidly-‐increasing	  
number	  of	  organisms	  made	   it	  possible	   to	   think	  about	  systematically	  determining	  
the	  structures	  of	  groups	  of	  macromolecules.	   	   These	  sequences	  showed	  the	  extent	  
of	  homology	  among	  genes	  from	  related	  organisms.	   	   These	  same	  sequences	  made	  
the	   effort	   required	   to	   clone	   genes	   and	   express	   them	   in	   suitable	   host	   organisms	  
such	   as	   E.	   coli	   vastly	   simpler	   than	   it	   had	   been	   previously.	   	   These	   sequences	  
further	   opened	   up	   the	   possibility	   of	   testing	  members	   of	   a	   group	   of	   homologous	  
genes	   and	   identifying	   which	   ones	   were	   the	   most	   suitable	   for	   structure	  
determination.	  
	  
The	  approaches	  and	  philosophy	  of	   these	  genome	  projects	  also	  contributed	  to	  the	  
strategy	   and	   philosophy	   of	   Structural	   Genomics.	   	   The	   genome	   projects	   showed	  
that	  technology	  development	  and	  a	  high	  level	  of	  automation	  could	  make	  a	  process	  
such	   as	   DNA	   sequencing	   that	   was	   slow	   but	   gave	   very	   solid	   information	   into	   a	  
high-‐throughput	   and	   prodigious	   information	   source.	   	   The	   genome	   projects	  
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showed	  that	  early	  release	  of	  information	  could	  spur	  rapid	  use	  of	  this	  information	  
and	   that	   a	   high	   level	   of	   public	   data	   sharing	   was	   compatible	   with	   cooperative	  
academic	   work.	   	   The	  Wellcome	   Trust,	   the	   Japanese	  ministry	  MEXT,	   and	   the	   US	  
National	   Institutes	   of	   Health,	   major	   players	   in	   the	   human	   genome	   project,	   led	  
efforts	   to	   coordinate	   early	   Structural	   Genomics	   planning	   at	   the	   turn	   of	   the	   21st	  
century.	   	   These	  efforts	  led	  to	  a	  vision	  for	  Structural	  Genomics	  and	  the	  founding	  of	  
the	   International	  Structural	  Genomics	  Organization	  (http://www.isgo.org)	  with	  a	  
goal	   of	   fostering	   international	   cooperation	   and	   sharing	   in	   Structural	  
Genomics[181].	  
	  
A	   second	   major	   impetus	   for	   Structural	   Genomics	   was	   the	   rapid	   advance	   in	  
technologies	   for	   structure	   determination.	   	   For	   macromolecular	   X-‐ray	   crystal	  
structure	   crucial	   factors	   included	   the	   availability	   of	   tunable	   and	   powerful	  
synchrotron	   radiation,	   methods	   for	   reducing	   the	   damage	   to	   crystals	   from	   that	  
same	   radiation,	   and	   methods	   for	   obtaining	   crystallographic	   phase	   information	  
from	   anomalous	   scattering.	   	   The	   systematic	   use	   of	   selenomethionine	   as	   an	  
anomalously	   scatterer	   that	   could	   be	   readily	   incorporated	   into	   proteins	   as	   a	  
powerful	   agent	   for	   obtaining	   crystallographic	   phases	   has	   dramatically	   changed	  
structural	   biology	   and	   greatly	   contributed	   to	   the	   vision	   and	   realization	   of	  
Structural	   Genomics	   [72].	   	   The	   development	   of	   algorithms	   for	   automatic	  
interpretation	   of	   macromolecular	   diffraction	   data	   and	   generation	   of	   atomic,	  
combined	  with	  the	  extensive	  automation	  in	  gene	  sequencing	  and	  the	  beginnings	  of	  
automation	   in	   gene	   cloning	   and	   protein	   expression	   suggested	   to	  many	   that	   ever	  
more	  automated	  and	  rapid	  structure	  determination	  could	  be	  carried	  out	  [182,	  183,	  
184,	  185,	  186].	  
	  
Technologies	  from	  Structural	  Genomics	  
The	  accomplishments	  of	  the	  Structural	  Genomics	  efforts	  between	  2000	  and	  2015	  
include	  the	  development	  of	  a	  suite	  of	  technologies	  and	  approaches	  for	  large-‐scale	  
structure	   determination	   that	   have	   dramatically	   changed	   structural	   biology	   as	   a	  
whole,	  along	  with	  the	  determination	  of	  thousands	  of	  new	  protein	  structures.	  
	  
During	   the	   first	  decade	  and	  a	  half	  of	   the	  21st	   century,	  many	  Structural	  Genomics	  
groups	   around	   the	   world	   developed	   ‘pipelines’	   for	   structure	   determination.	   	  
These	  were	  systematic	  and	  often	  highly	  automated	  procedures	  for	  targeting	  which	  
proteins	   to	   focus	   on,	   expressing	   genes,	   purifying	   proteins,	   crystallizing	   proteins,	  
and	  determining	  protein	  structures	  by	  X-‐ray	  diffraction	  and	  NMR	  [182,	  187,	  188,	  
189].	   	   This	   systematic	   approach	   to	   structure	   determination	   later	   became	   the	  
standard	   approach.	   	   Today,	  many	   structural	   biology	   laboratories	   have	   pipelines	  
for	  structure	  determination.	   	   These	  pipelines	  are	  based	  on	  systematic	  targeting	  of	  
groups	  of	  proteins	  for	  structure	  determination,	  new	  technologies	  for	  every	  aspect	  
of	   protein	   production,	   robotics	   for	   automated	   cloning,	   protein	   expression,	  



	  

	   24	  

systematic	   approaches	   for	   X-‐ray	   data	   collection	   and	   structure	   determination,	  
systematic	  evaluation	  of	  technologies,	  and	  automated	  procedures	  for	  analysis	  and	  
reporting	  of	  the	  resulting	  structures.	  
	  
Some	   of	   these	   pipelines	   for	   structure	   determination	  were	   highly	   integrated	   and	  
systematic.	   Fig.	   3	   illustrates	   the	   pipeline	   from	   the	   Joint	   Center	   for	   Structural	  
Genomics	  showing	  the	  linkage	  of	  technologies	  and	  data	  through	  a	  central	  database	  
and	   the	   systematic	   targeting	   and	   analysis	   made	   possible	   by	   the	   integration	   of	  
approaches.	   	  
	  
Target	   selection	   in	   Structural	  Genomics	   and	  many	   individual	   laboratories	   in	   this	  
period	   consisted	   of	   highly	   systematic	   analyses	   of	   sequences	   of	   many	   genomes,	  
followed	  by	  selection	  of	  a	  wide	  range	  of	  sequences	  homologous	   to	   the	  protein	  of	  
greatest	   interest	   so	   that	   the	   chances	   of	   obtaining	   new	   structural	   insights	   were	  
maximized.	   	   In	  many	  Structural	  Genomics	  laboratories,	  particularly	  in	  the	  US,	  the	  
target	  selection	  also	   included	  an	  attempt	   to	  maximize	   the	   likelihood	  of	  obtaining	  
novel	   structural	   information	   by	   solving	   the	   structures	   of	   proteins	   that	   were	  
substantially	  different	  in	  sequence	  from	  any	  proteins	  with	  known	  structures.	  
	  

	  
Figure	   3.	   Structure	   determination	   pipeline	   from	   the	   Joint	   Center	   for	   Structural	  
Genomics	  (JCSG),	  USA.	  (Figure	  courtesy	  of	  I.	  A.	  Wilson).	  
	  
	  
Highly	  automated	  procedures	   for	   cloning,	  often	  using	   specialized	  cloning	  vectors	  
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optimized	   for	   systematic	   cloning	   and	   robotics	   and	   multi-‐channel	   pipetting	   for	  
repetitive	   operations,	   were	   used	   in	   many	   Structural	   Genomics	   laboratories	   and	  
subsequently	   used	   widely	   in	   individual	   laboratories.	   	   Testing	   the	   expression	   of	  
proteins	  and	  identification	  of	  optimal	  expression	  vectors,	  organisms	  for	  expression	  
(E.	   coli,	   yeast,	   viral	   expression	   in	   eukaryotic	   cells),	   and	   expression	   conditions	  
became	   increasingly	   carried	   out	   with	   robotics	   or	   at	   least	   in	   highly	   systematic	  
procedures.	   	   Protein	  purification	  robotics	  capable	  of	  highly	  parallel	  purifications	  
of	  proteins	  were	  used	   in	  Structural	  Genomics,	  while	   individual	   laboratories	  used	  
simpler	  automated	  systems	  for	  protein	  purification	  [190].	  
	  
Crystallization	  and	  crystal	  observation	  robots	  were	  developed	  by	  many	  Structural	  
Genomics	   groups	   at	   the	   turn	   of	   the	   21st	   century	   and	   became	  widespread	   in	   the	  
structural	   biology	   community	   over	   the	   next	   decade	   [191,	   192,	   193,	   194].	   	  
Automated	   methods	   for	   analysis	   of	   crystallization	   droplets	   and	   identification	   of	  
crystals	  were	  developed	  during	  this	  period.	   	   The	  reliable	  automatic	  identification	  
of	  small	  crystals	  proved	  to	  be	  much	  more	  difficult	  than	  many	  initially	  imagined	  and	  
these	  automated	  procedures	  most	  commonly	  have	  been	  used	  to	  prioritize	  droplets	  
for	  human	  visual	  examination	  rather	  than	  as	  a	  decision-‐making	  tool	   for	  choosing	  
exactly	  what	  crystals	  to	  use	  in	  X-‐ray	  diffraction	  experiments.	  
	  
An	   important	   contribution	   of	   Structural	   Genomics	   to	   structural	   biology	  
technologies	  was	  providing	  a	  strong	  impetus	  for	  development	  and	  optimization	  of	  
highly	  automated	  beamlines	   for	  X-‐ray	  diffraction	  analysis	   at	   synchrotrons.	   	   This	  
included	  the	  critical	  automation	  of	  mounting	  of	  cryo-‐cooled	  crystals	  on	  a	  beamline	  
and	   the	  development	  of	   standardized	  crystal	  mounting	  systems	  so	   that	   the	  same	  
crystal	   holders	   could	   be	   used	   on	   many	   different	   beamlines	   [195,	   196].	   	   It	   also	  
included	   the	  development	  of	  highly	  automated	   systems	   for	  X-‐ray	  data	   collection,	  
including	  many	  that	  could	  be	  used	  remotely	  so	  that	  users	  could	  send	  crystals	  to	  a	  
beamline	   and	   collect	   their	   data	   from	   their	   own	   laboratories	   [197].	   	   Automated	  
software	   for	   processing	   the	   images	   from	   X-‐ray	   diffraction	   experiments	   was	  
available	   before	   this	   period	   but	   major	   improvements	   and	   new	   software	   was	  
developed	   in	   large	   part	   for	   Structural	   Genomics	   and	   became	   widely	   used	   in	  
individual	  laboratories	  as	  well.	  
	  
Some	   automation	   of	   structure	   determination	   by	   multi-‐wavelength	   methods	   and	  
significant	   automation	   of	   model-‐building	   had	   been	   developed	   just	   prior	   to	   the	  
beginning	  of	  Structural	  Genomics	  and	  provided	  part	  of	  the	  foundation	  for	  the	  effort	  
[91,	   198,	   199].	   	   The	   development	   of	   technologies	   for	   structure	   determination	  
from	  X-‐ray	  diffraction	  data	  of	  macromolecules	  was	  then	  accelerated	  by	  the	  needs	  
of	   Structural	  Genomics	  groups	   for	   rapid	  and	  automated	   structure	  determination.	   	  
Integrated	  systems	  for	  initial	  structure	  solution	  from	  multi-‐wavelength	  and	  other	  
experimental	   X-‐ray	   diffraction	   data	   followed	   by	   structure	   determination	   and	  
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nearly-‐finished	  molecular	  models	  were	  developed	  and	  became	  widely	  used	  in	  the	  
Structural	  Genomics	  and	  the	  broader	  crystallographic	  community.	  
	  
The	   highly	   systematic	   structure	   determination	   carried	   out	   by	   many	   Structural	  
Genomics	  groups	  made	  it	  feasible	  to	  partially	  automate	  the	  validation,	  deposition,	  
and	   annotation	   of	   structures.	   	   Many	   improvements	   in	   automated	   validation	   of	  
protein	   and	   nucleic	   acid	   structures	   were	   made	   during	   this	   period,	   and	   were	  
applied	  to	  the	  checking	  and	  improvement	  of	  structures	  from	  Structural	  Genomics	  
groups.	  The	  use	  of	  comprehensive	  databases	  to	  track	  data	  for	  Structural	  Genomics	  
projects	  made	  deposition	  of	  structures	  much	  easier	  for	  both	  the	  depositors	  and	  for	  
the	   Protein	   Data	   Bank	   receiving	   the	   structures.	   	   Several	   Structural	   Genomics	  
groups	   partially	   automated	   procedures	   for	   generating	   annotations	   of	   crystal	  
structures	   and	   displaying	   them	   on	   public	   web	   sites.	   	   The	   US	   Protein	   Structure	  
Initiative	   developed	   a	   publicly	   available	   “KnowledgeBase”	   that	   provided	  
systematic	   access	   to	   much	   of	   the	   data	   generated	   by	   US	   Structural	   Genomics	  
projects	  and	  individual	  Structural	  Genomics	  projects	  around	  the	  world	  developed	  
websites	   with	   comprehensive	   information	   on	   their	   targets,	   status,	   and	   results	  
[200].	  
	  
The	   high-‐throughput	   (HTP)	   and	   automation	   oriented	   technology	   and	   pipelines	  
developed	   and	   commercialized	   by	   the	   big	   consortia	   and	   relevant	   companies	   can	  
now	   be	   easily	   adopted	   by	   any	   “standard”	   structural	   biology	   laboratory	   at	   lower	  
costs,	  but	  with	  similar	  scale	  and	  efficiency,	  as	  exemplified	  by	  a	  laboratory	  in	  Peking	  
university,	  China.	   	  
	  
The	  Su	  lab	  has	  started	  to	  establish	  an	  SG	  platform	  several	  years	  ago	  at	  the	  level	  of	  a	  
university	  laboratory	  [201,	  202],	  adopting	  automation	  and	  HTP	  techniques	  from	  
other	  SG	  centers,	  and	  further	  developing	  crystallization	  tools	  and	  imaging	  
equipment	  etc.	  methods.	   	   We	  have	  applied	  the	  SG	  approaches	  to	  the	  structural	  
and	  functional	  characterization	  of	  proteins	  from	  a	  dental	  caries	  pathogen	  
Streptococcus	  mutans.	   	   Using	  the	  platform,	  we	  have	  cloned	  about	  1,400	  genes	  
encoding	  non-‐membrane	  proteins	  from	  S.	  mutans	  genome	  containing	  1963	  ORFs	  
[183,	  203]	  into	  a	  variety	  of	  pET	  vectors	  using	  mainly	  conventional	  cloning	  
techniques.	  We	  then	  over-‐expressed	  and	  purified	  soluble	  proteins	  by	  using	  an	  E.	  
coli	  expression	  system.	   	   The	  purified	  proteins	  were	  screened	  for	  crystallization.	   	  
Data	  collection	  and	  structure	  determination	  were	  performed	  on	  the	  target	  proteins	  
capable	  of	  forming	  diffracting	  crystals.	   	   So	  far,	  we	  have	  cloned	  about	  4000	  genes	  
from	  different	  organisms	  on	  this	  platform,	  crystallized	  more	  than	  300	  different	  
proteins	  and	  solved	  over	  100	  protein	  crystal	  structures.	  
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Figure	   4.	  Over	   the	   last	   several	   years,	   the	  Su	   laboratory	  at	  Peking	  University	  has	  
built	  up	  technological	  platforms	  of	  high-‐throughput	  (HTP)	  methods	  for	  structural	  
biology	   studies,	   including	   target	   selection;	   HTP	   and	   semi-‐robotic	   gene	   cloning;	  
protein	   expression;	   protein	   purification;	   crystallization	   and	   crystal	   structure	  
determinations.	  
	  
	  
 XFEL	  Applications:	   	  
In	   2009,	   SLAC	   (Stanford	   Linear	   Accelerator	   Center)	   National	   Accelerator	  
Laboratory	   launched	   a	   new	   facility,	   Linac	   Coherent	   Light	   Source	   (LCLS),	   which	  
provided	  the	  world’s	  first	  hard	  X-‐ray	  free-‐electron	  laser	  (XFEL).	   	   XFEL	  is	  a	  brand	  
new	  kind	  of	  X-‐ray	  source,	  complementary	  to	  SR	  sources	  but	  with	  approximately	  10	  
orders	   of	   magnitude	   increase	   of	   the	   peak	   intensity.	   	   The	   development	   and	  
application	   of	   XFEL	   sources	   will	   definitely	   open	   new	   fields	   and	   provide	   novel	  
opportunities	  for	  protein	  crystallography	  and	  structure	  biology	  [204].	  
	  
Obtaining	   high	   quality	   crystals	   has	   been	   a	   major	   bottleneck	   for	   protein	  
crystallography,	   but	   with	   the	   development	   of	   XFEL	   this	   bottleneck	   may	   be	  
dramatically	  reduced	  or	  even	  completely	  overcome	  in	  the	  near	  future.	   	   Due	  to	  the	  
very	  strong	  and	  coherent	  pulses	  of	  XFEL,	  even	  very	  small	  crystals,	  with	  sizes	  of	  100	  
nm	   (typically	   around	   ten	   layers	   of	   macromolecules),	   can	   provide	   enough	  
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diffraction	   signal	   for	   structure	   determination.	   In	   addition,	   weaker	   non-‐Bragg	  
scattering	   can	   potentially	   be	   collected	   with	   XFEL	   sources	   to	   provide	   additional	  
(over-‐sampled)	  information	  from	  the	  tiny	  protein	  crystals	  [205,	  206].	   	   Therefore,	  
the	   current	   requirement	   for	   the	   sizes	   and	   qualities	   of	   protein	   crystals	   may	   be	  
markedly	   reduced.	   	   The	   extremely	   high	   peak	   intensities	   of	   XFEL	   completely	  
remove	   the	   possibility	   of	   protecting	   the	   samples	   from	   radiation	   damage,	   each	  
crystal	  can	  be	  only	  used	  once	  for	  data	  collection.	   	   However,	  the	  short	  durations	  of	  
XFEL	  pulses,	  ranging	  from	  a	  few	  to	  hundreds	  of	  femto-‐seconds,	  offer	  the	  chance	  to	  
collect	   diffraction	   data	   before	   the	   sample	   is	   destroyed.	   This	   is	   called	  
“diffraction-‐before-‐destruction”.	   	   In	  such	  experiments	  where	  one	  sample	  can	  only	  
contribute	  one	  diffraction	  pattern,	  automated	  experimental	  devices	  are	  needed	  for	  
development	  for	  efficient	  data	  collection.	   	  
	  
The	   feasibility	   of	   “diffraction-‐before-‐destruction”	   had	   been	   proven	   by	   Henry	  
Chapman	   in	   2006	   [207],	   before	   the	   appearance	   of	   LCLS.	   	   In	   2011,	   Chapman	  
reported	  diffraction	  of	  photosystem	   I	  nanocrystals	   [205]	  at	   low	  resolution.	   	   The	  
sizes	  of	  the	  crystals	  he	  used	  ranged	  from	  200	  nm	  to	  a	  few	  µm.	   	   The	  experimental	  
setting	   in	   using	   XFEL	   is	   very	   different	   from	   the	   conventional	   protein	  
crystallography,	  as	  shown	  in	  Fig.	  5.	   	   In	  order	  to	  distinguish	  with	  the	  conventional	  
diffraction	   methods,	   this	   kind	   of	   experiment	   is	   now	   called	   as	  
“nanocrystallography”	  or	  “serial	  femtosecond	  crystallography”.	  
	  
In	   2012,	   the	   group	   of	   Henry	   Chapman	   demonstrated	   again	   the	   high-‐resolution	  
structure	  determination	  of	   lysozyme	  crystals	  [43].	   	   The	  phases	  of	  the	  reflections	  
were	   solved	   by	   molecular	   replacement.	   	   A	   novel	   structure	   determination	   of	  
cysteine	  protease	  cathepsin	  B	   from	  Trypanosoma	  brucei	  was	  also	  reported	   in	   the	  
same	   year	   by	   the	   Chapman	   group	   [208].	   	   These	   two	   experiments	   have	   clarified	  
beyond	  any	  doubt	  the	  feasibility	  and	  capability	  of	  XFEL	  in	  structure	  determination	  
by	  crystallographic	  methods.	  
	  
For	   de	   novo	   crystal	   structure	   determination,	   isomorphous	   replacement	   or	  
anomalous	   scattering	   are	   necessary	   for	   phasing.	   	   In	   2013,	   the	   group	   of	   Ilme	  
Schlichting	   reported	   the	   structure	   of	   Gd-‐loaded	   lysozyme	   solved	   by	  
single-‐wavelength	  anomalous	  scattering	  [209].	   	   However,	  due	  to	  the	  ambiguity	  in	  
indexing	   caused	   by	   multiple	   crystal	   settings,	   for	   the	   crystals	   with	   certain	   space	  
groups,	   such	   as	   trigonal,	   hexagonal	   and	   cubic	   crystals	   of	   the	  23	  point	   group,	   the	  
method	   for	   extracting	   anomalous	   scattering	   signals	   still	   needs	   to	   be	   further	  
developed.	  
	  
The	   main	   obstacle	   of	   nanocrystallography	   in	   XFEL	   now	   is	   the	   huge	   number	   of	  
samples	  required	  and	  efficient	  data	  collection	  methods	  needed	  for	  the	  experiments.	   	  
Because	  of	  the	  pulse	  characteristic	  of	  XFEL,	  the	  frequency	  that	  XFEL	  pulses	  hit	  the	  
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randomly	   injected	   nanocrystals	   is	   pretty	   low,	   usually	   around	   1-‐3%	  with	   current	  
experimental	  setups.	   	   The	  property	  of	  “diffraction-‐before-‐destruction”	  required	  a	  
totally	   new	   method,	   so-‐called	   Monte-‐Carlo	   integration,	   for	   data	   reduction.	   This	  
method	   needs	   a	   large	   number	   of	   diffraction	   patterns	   from	   randomly-‐oriented	  
crystals	   in	  order	  to	  obtain	  accurate	  structure	  factors	   for	  structure	  determination,	  
especially	   for	   anomalous	   scattering.	   	   Usually,	   the	  number	  of	  diffraction	  patterns	  
needs	  to	  be	  in	  the	  order	  of	  10	  thousand	  or	  larger;	  therefore,	  the	  number	  of	  crystals	  
used	  in	  an	  experiment	  may	  in	  the	  millions.	   	   Significant	  efforts	   in	  methodological	  
research	  will	  need	  to	  be	  launched	  before	  XFEL	  can	  be	  used	  routinely	  in	  structural	  
biology.	  
	  
Some	   efforts	   in	   decreasing	   the	   number	   of	   patterns	   used	   in	   serial	   femtosecond	  
crystallography	   have	   been	   in	   development.	   	   The	   group	   of	   Dong	   from	   Beijing	  
Synchrotron	   Radiation	   Facility	   (BSRF)	   works	   on	   improving	   the	   Monte-‐Carlo	  
integration	   [210].	   	   By	   analyzing	   the	   sizes	   of	   the	   crystals	   and	   the	   profiles	   of	   the	  
diffraction	  spots	  in	  diffraction	  patterns	  obtained	  from	  the	  geometry	  factors	  of	  the	  
diffraction	  can	  be	  determined,	  allowing	  accurate	  estimation	  of	  the	  structure	  factor	  
amplitudes	  and	  removing	  the	  need	  for	  the	  Monte	  Carlo	  integration	  method..	   	   The	  
new	  method	  only	  requires	  thousands	  of	  diffraction	  patterns	  to	  obtain	  the	  structure	  
factors	  precisely	  enough	  for	  structure	  determination,	  which	  is	  at	  least	  one	  order	  of	  
magnitude	  reduction	  of	  the	  conventional	  Monte-‐Carlo	  integration	  method.	  
	  
The	  ultimate	  goal	  for	  XFEL	  is	  not	  merely	  solving	  the	  structures	  of	  tiny	  crystals,	  but	  
obtaining	   structures	  without	   crystals.	   	   The	   extreme	   brilliance	   and	   coherence	   of	  
XFEL	   are	   the	   key	   elements	   allowing	   for	   this	   possibility.	   	   In	   2011,	   the	   group	   of	  
Janos	   Hajdu	   demonstrated	   the	   single-‐particle	   scattering	   of	   mimivirus	   via	   XFEL	  
[206].	   	   Although	   the	   result	   of	   this	   experiment	   is	   far	   from	   solving	   the	  
atomic-‐resolution	   structure	   of	   single	   particle,	   it	   depicts	   the	   feasibility	   of	   this	  
approach.	  
	  
In	  summary,	  the	  situation	  of	  XFEL	  is	  very	  similar	  to	  that	  of	  synchrotron	  radiation	  
in	  1980s.	   	   The	  feasibilities	  of	  its	  applications	  in	  many	  fields	  are	  authenticated	  but	  
great	  amount	  of	  efforts	  in	  methodological	  research	  remain.	  
	  
The	   first	   100	   years	   of	   crystallography	   and	   80	   years	   (counting	   from	   Dorothy	  
Hodgkin’s	  first	  pepsin	  crystal	  diffraction	  in	  1934)	  of	  protein	  crystallography	  have	  
created	   structural	   chemistry	   and	   structural	   biology,	   and	   several	   other	   related	  
scientific	   fields	   that	   have	  made	   us	   to	   really	   “see“	   the	   atomic	   structures	   that	   had	  
been	  conceptualized	  by	  the	  Greek	  sages	  thousands	  of	  years	  ago,	  but	  never	  had	  the	  
opportunity	   to	   actually	   see	   them.	   	   Although	   our	   current	   crystallography	   lenses	  
should	   allow	   us	   to	   precisely	   see	   the	   “static”	   atomic	   positions	   with	   sub-‐atomic	  
accuracy,	  the	  atoms	  themselves	  are	  never	  static,	  they	  constantly	  move	  and	  vibrate	  
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with	   different	   degrees	   of	   flexibility	   determined	   by	   their	   bonded	   and	   more	  
importantly,	   non-‐bonded	   molecular	   structures	   and	   dynamic	   features,	   with	  
important	   functional	   consequences	   for	   biological	   processes.	   	   With	   current	  
technologies,	   not	   limited	   to	   crystallography,	   we	   have	   just	   started	   to	   understand	  
and	   to	   “see”	   the	  dynamic	  structures	  no	  matter	  how	   indirectly.	   It	   is	   reasonable	   to	  
postulate	   that	   the	   technical	   and	   theoretical	   developments	   in	   the	   next	   100	   years	  
may	   allow	   us	   to	   “see”	   the	   dynamic	   structures	   of	   biological	   macromolecules,	  
particularly	  with	  emerging	  new	  tools	  such	  as	  XFEL.	   	   	  
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